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Theory of Parametric Instabilities

Bruce Cohen, Principal Investigator, LLNL

Co.Pl’s:
Hector Baldis - LLNL and UC Davis
Richard Berger, Ed Williams, Bruce Langdon, Robert Kirkwood - LLNL
Christine Labaune - LULL Ecole Polytechnique, France

When intense lasers are used to initiate fusion in
inertial confinement fusion, plasmas typically form.
Because the laser energy flux densities are high, there
is a tendency for nonlinear interactions of the laser
beam or beams with the plasma to occur. Such inter-
actions can lead to backscatter, focusing, and/or fila-
mentation of the laser beams, all of which may be
quite deleterious to the fusion application. This proj-
ect addresses the theoretical study of laser-plasma
interactions and the modeling of laser-plasma inter-
action experiments. In particular, this project has
addressed the modeling of multiple laser-beam exper-
iments with CH target foils at the LULI facility near
Paris that demonstrated a number of interesting and
important nonlinear features regarding stimulated
Brillouin and Raman backscatter (stimulated scat-
tering of an electromagnetic wave by an ion sound
wave and an electron plasma wave, respectively, in a
plasma). We have applied similar analyses to SRS

experiments in NOVA at LLNL and to a proposed
cross-beam experiment in OMEGA at Rochester.
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Influence of multiple-beam irradiation on the amplitude
of ion acoustic waves associated with stimulated Brill-
ouin scattering in the LULl experiment.

Recent Publications
C. Labaune, H.A. Baldis, B.I. Cohen, W. Rozmus, S. Depierreux. E. Schifano, B.S. Bauer, and A. Michard. Nonlinear Modification of Laser-Plasma
Interaction Processes Under Crossed Laser Beams Irradiation, (November. 1998), Phys. Plasmas 6.2048 (1999).

5"

K.B. Wharton, R.K. Kirkw(~)d, S.H. Glenzer, K.G. Estabrook. B.B. Afcyan. ILl. Cohen, J.[). Moody. and C. Joshi. Energy Tran3fer Between
Identical-Frequency Laser Beams (Noven.i~zr. 1998), Phys. Plasmas 6, 2144 (1999).

C. Labaune, H.A. Baldis, B.S. Bauer, E. Schifano, and 13.1. Cohen. Spatial and Temporttl Coexistence of Stimulated Scatterin’4 Processes Under
Crossed- Laser- Beam Irradiation, Phys. Rev. Lett. 82. 3613 (1999).

ILl. Cohen. B.F. Lasinski. A.B. Langdon. E.A. Williams, H.A. Baldis, and C. Labaunc, Suppression oJ’Stimuhlted Brilhmin Scattering by Seeded hm
Wave M~)de Coupling, (LLNL Report-JC-12949L), Phys. Plasmas 5, 3402 (1998).

ILl. Cohen, B.F. Lasinski, A.B. Langd~m, E.A. Williams, K.B. Wharton, R.K. Kirkwot~d. and K.G. hstabrt~ok. Resonant Stimulated Brilflmin
Interaction of Opposed Laser Beams in a Drtl/ing Phtsma, Physics of Plasmas, 5. 3408 (1998).

K.IL Wharton, C. Joshi, R.K. Kirkwood, S.H. (]lcnzcr, K.(;. listahrt~tlk. B.B. Afcyan. B.[. (~tl[letl, and J.l). Mt)~ldy. Ohservafimt of Energy Tran.~’r
Between hh’nticaI-Frequency Laser Beams in P’h~wing Phtsntas, (I .I.NI, Rcp~rt UCP, I,-JC-129,q56) Physical Rcv. l,ett. 81. 2248 (199.g1.
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t.UL.I. CNRS, Ecole Polytechniqtte. 91128 Palaiseatt, France: LiC Davis
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Theory of Parametric Instabilities]

Modeling Stimulated Scattering in LULl Multiple Beam Experiments

Multiple laser beam experiments with CH target foils |
at the LULl facility [Baldis, et al., Phys. Rev. Lett. 77, 2957

(1996)] demonstrate anti-correlation of stimulated Brillouin
and Raman backscatter (SBS and SRS). Detailed Thomson
scattering diagnostics show that SBS always precedes SRS, .,,
that secondary electron plasma waves can accompany SRS
appropriate to the Langmuir Decay Instability (LDI), and

that with multiple interaction laser beams the SBS direct /,~
backscatter signal in the primary laser beam is reduced while
the SRS backscatter signal is enhanced and onsets earlier
in time. Analysis and numerical calculations are presented x~,
that evaluate the influences of local pump depletion in laser
hot spots due to SBS, of mode coupling of SBS and LDI ion
waves, and of optical mixing of secondary and primary laser
beams on the competition of SBS and SRS. The calculations

quantify the effectiveness of local pump depletion, ion wave
mode coupling, and optical mixing in affecting the LULl
observations. Both local pump depletion in intense speckles
and ion wave mode coupling contribute significantly to influ-

encing the suppression of SBS direct backscatter in multiple-
beam experiments and the competition of SBS and SRS.

F F+C

0

200 I.tm z = position along the laser axis 200 ~m

Space and time evolution of Thomson scattered light from lAWs
associated with SBS and EPWs associated with SRS

Modification of the competition between SBS and SRS
under crossed beam irradiation: EPWs associated with
SRS start earlier in the laser pulse with multiple beams
than with single beam, and coexist with lAWs associated
with SBS.

-- Contact Information
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Plasma Induced Laser Incoherence

Hector Baldis, Principal Investigator, LLNL and UC Davis

Co- Pl’s:
C. Labaune, S. Depierreux, J. Fuchs- LULL Ecole Polytechnique
D. Pesme - CPT, Ecole Polytechnique
W. Rozmus - University of Alberta

B. Cohen-LLNL

The propagation of intense laser pulse through underdense,
fully ionized plasmas can be affected by a number of non-
linear processes like filamentation, self-focusing or paramet-
ric instabilities like stimulated Brillouin and Raman scatter-
ing [1]. By reducing the coupling efficiency to the plasma and
the illumination symmetry or by allowing coupling between
crossed beams, they lead to degraded performances of iner-
tial confinement fusion (ICF) targets. Optical smoothing
techniques, which increased spatial and temporal incoher-
ence of laser beams, have been proposed and implemented to
reduce the growth of these non-linear processes [2-4].

In addition to such smoothing, recent theoretical studies
have suggested [5, 6] that the propagation of the laser beam

through the underdense plasma could also induce
spatial and temporal incoherence upon an already
spatially randomized laser beam by a random phase
plate (RPP) [7]. This so-called self-induced plasma
smoothing (SIPS) process would develop through the
non-linear coupling between stimulated Brillouin for-
ward scattering (SBFS) and the dynamically evo-
luting hot spots of the beam. SIPS could not only
influence laser-plasma interactions but also interfere
with the externally applied smoothing techniques and
thus modify their expected performances. Its study
is therefore of fundamental importance in order to
determine the proper beam smoothing strategies for
the future megajoule-scale laser facilities.

Recent Publications

C. Labaune, H.A. Baldis, E. Schifano, B.S. Bauer, A. Maximov, I. Ourdev, W. Rozmus, and D. Pesme. Enhanced For~rard Scattering in tire Case of
Two Crossed Laser Beams Interacting with a Plasma. Phys. Rev. Lett., 85, 1658 (2000).

J. Fuchs, C. Labaune, S. Depierreux, A. Michard, and H.A. Baldis, Modification of Spat&tl and Temporal Gains of Stimulated Brillouin and Raman
by Polarization Smoothing, Phys. Rev. Lett., 84.3089 (2000).

S. Depierreux, J. Fuchs, C. Labaune, A. Michard, H.A. Baldis, D. Pesme. S. Huller. and G. l.,aval. First Observation of Ion-Acoustic Waves Produced
by tile Langmuir Decay bzstability, Phys. Rev. Lett., 84, 2869 (21)1)0).

C. Lahaune, H.A. Baldis, B.I. Cohen, W. Rozmus, E. Schil:ano, B.S. 13aucr, and A. Michard, Non-linear Modifictiml of Laser-plasma lnteractitnl
Processes Under Laser Beams Irradiation. Phys. Plasmas. 6, 2048 (1999).

C. l,abaune. H.A. Baldis, B.S. Bauer, 17,. Schifano, and ILl. Cohen, Spatial and Temlmntl Cr)e.ristence of Stimulated Scatteri~lg Processes under
Crossed-Laser Beam Irradiation. Phys. Rev. Left., 82, 3613 (19991

C. I,abaunc, H.A. Baldis, B.S. Bauer. V.T. ’rikhonchuk. and G. I,aval. Time-resolved Measurements oj’Secondary Lmtgmuir Waves Produced by tile
Langnluir Decay lnstat~ilit)’. Phys. Plasmas, 5. 2341199,~).

H.A. llaldis. C. Labaune, J.D. M~ody. T. Talillaud, arid V.T. Tikht~nchuk. Localizatiml ¢~[’Stimldated Bri/Itmilt Scatterin~ in Rattllmll Phase Plate
@eckles, Phys. Rev. Lett., 811, 190(1(1998).

Affiliated Institutes
UC Davis; Laboratoire pour I "Utilisation des Lasers Intenses (I.ULI): CNRS. Ecole Polytechnique, France: University
of Alberta. Canada
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Plasma Induced Laser IncoherenceI

The experiments were performed with five beams
of the LULl (Laboratoire pour l’Utilisation des Lasers
Intenses) laser facility. The ~,0=1.053 pm interaction beam
was focused with an f/6 lens, through an RPP along the
principal axis of a preformed plasma. The resulting random-
ized speckle distribution had a focal spot diameter of 320
~tm full width at half maximum (FWHM), leading to a peak
average intensity 10t~ W/cm2. By varying the delay between
the plasma creation pulses and the interaction pulse, as
well as the thickness of the target and the energy of the
plasma-creating beams, it was possible to adjust the density
of the target at the time of the interaction. The forward scat-
tered light was collected in two directions " at 0_10° and
22.5_+5°.

The time-resolved near-field images of a central slab
of the forward scattered light at high intensity is shown in
Fig.1. The intensity pattern is much smoother after propaga-
tion through the plasma with a smaller contrast ratio of the
hot spots which drops from 1 (without plasma) to -0.3 (with
plasma). This is linked with a significant change in the tem-
poral behavior of the pattern which evolves from a station-
ary to a random dynamical behavior, with intense speckles
appearing and vanishing rapidly.

One-dimensional time-resolved near field images of the
forward scattered light at 0_+10°. (a) stationary, speckle
pattern of the f/3 incident light (vacuum shot). (b)
through the n,,,/n ~0.2 plasma and. with an intensity of
<I~> =3.

The results demonstrate that SIPS is effective in mod-
ifying significantly the properties of an intense propagat-
ing beam. The main processes that can couple the incident
laser light with the plasma and induce such large-angle
spreading and large red spectral shifts are filamentation and
SBFS. Self-phase modulation could account for part of the
shift but, to produce bandwidth >10 ~, an almost complete
plasma evacuation inside the speckles is needed.

Numerical simulations [6], with a similar self-focusing/
filamentation initial stage, display, at later propagation
times, an unsteady behavior of the plasma response with
strongly deflected filaments oscillating in and out. This is
mainly due to the mixing between the density wells dug by
neighbor filaments. Such a rapidly bifurcating motion of the
filaments decorrelates the light from the plasma response
and smoothes the spatial intensity distribution. In addition,
these simulations also display, at high intensity, large red-
shifts and spectral broadening for the forward scattered
light. The fact that deflecting filaments couple to SBFS to
produce correlated spatial and temporal incoherence can be
understood as follows: first, spreading filaments can stim-
ulate SBFS (which grows more strongly with angle) and
second, SBFS frequency broadened spreading can in turn
induce filaments to propagate at larger angles.

This additional smoothing, stronger than what external
techniques like SSD [4] can achieve, could reduce further
growth of other parametric instabilities.

References:
[1] W. Kruer, The Physics of Laser Plasma Interactions.

New York: Addison-Wesley, 1988.
[2] C. Labaune, et al, Phys. Fluids B 4, 2224 (1992).
[3] W. Seka et al., Phys. Fluids B 4, 2232 (1992.
[4] R. Kirkwood, et al., Phys. Plasmas 4, 1800 (1997).
[5] V.V. Eliseev, et al., Phys. Plasmas 4. 4333 (1997).
[6] A. Schmitt and B. Afeyan, Phys. Plasmas 5, 503

(1998).
[7] Y. Kato, et al.. Phys. Rev. Lett. 53, 1057 (1984).
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Fluctuations and Nonlinear Waves in Laser Produced Plasmas

Wojciech Rozmus, Principal Investigator, University of Alberta

Co Ph
Hector Baldis - LLNL and UC Davis

Collaborator:
Sigfried Glenzer- LLNL

PostDocs and Graduate Students:
E. Fourkal, A. Maximov, C. Kirkby, L Ourdev, E Shao - University of Alberta

Support from ILSA provides my group with different
collaborative opportunities in our theoretical and numer-
ical studies of kinetic and wave processes in laser pro-
duced plasmas. Nonparaxial electromagnetic wave inter-
action code has been applied in studies of ion wave
response to laser beams. We have identified a forward
stimulated Brillouin scattering as one of the processes
contributing, in addition to filamentation instability, to
a plasma induced loss of coherence of laser beams in
experimental results from Janus laser. Resonant insta-
bility of laser filaments has been discovered in three
dimensional simulations of a single laser hot spot. This
rapidly growing perturbation leads to destruction of non-
linearly trapped electromagnetic waves in density chan-
nels. It results in spectral and angular broadening of the

transmitted light and modifies intensity distribution of a
laser light in the plasma.

A nonlocal linear plasma transport theory, which is
valid for the arbitrary particle collisionality has been
generalized to include an effect of the laser light.
Plasma response to randomized laser beams described in
terms of the nonlocal hydrodynamics has shown strong
enhancement of electrostatic fluctuations.

An ongoing development of the particle code, which
includes particle collisions and the interaction with a
oscillatory electric field resulted in a new non-Max-
wellian distribution functions and preliminary results
involving the nonlinear thermal transport.

Recent Publications

S.H. Glenzer, W.E. Alley. K.G. Estabrook, J.D. DeGroot. M. Haines, J.A. Hammer, J.-P. Jadaud, B.J. MacGowan, J. Moody, W. Rozmus, and
L.J. Suter, Thomson Scattering from Laser Plasmas, Phys. Plasmas 6, 2117 (1999).

V. Eliseev, D. Pesme, W. Rozmus, V. Tikhonchuk and C. Capjack. Filamentation of a Laser Beam Interacting with an Underdense Plasma
and its Co,/piing to Stimulated Brillouin Scattering, Physica Scripta. T75, 112 (1998).

A. Br:i’tcw, V. Yu. Bychenkov. V. Tikhonchuk. and W. Rozmus, Nonlocal Electron Tttnsport in Laser Heated Plasmas, Phys. Plasmas. 5, 2742
(199,~.

J. Myatt. W. Rozmus. V. Yu. Bychcnkov. and V. T. "l’ikh~mchuk. Tltotnson Scattering from Ion Acoustic Waves in Laser Phtsm~ts. Phys. Rev. E, 57,
3383, (’1998).

V. l?.lisccv, [. Ourdev, W. Rozmus. V. Tikhonchuk. C. Capjack. and 1’. Y~ung, Ion Wave Response to Intense Laser Beams in Umlemtense
19htsln~ts. Phys. Plasmas 4, 4333 (1997).

Affiliated Institutes
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Fluctuations and Nonlinear Waves in Laser Produced PlasmasI

Thomson scattering (TS) from stable electron den-
sity fluctuations is a powerful diagnostic used to measure
local plasma parameters, distribution functions and trans-
port processes. In laser produced plasmas TS has become a
standard technique for studying enhanced fluctuations and
related instabilities. The TS cross section is determined
by the dynamical form factor for electron density fluctua-
tions S(k, m). The evaluation of the dynamical form factor
requires the solution of equations of motion for the density
fluctuations in the plasma.

In this project we have developed a theoretical frame-
work, which combines calculations of S(k, m) with hydro-
dynamic evolution of laser-produced plasmas and accounts
for experimental resolutions of measuring devices. Our
theory leads to accurate predictions for the TS cross-sec-
tion, which after comparison with experimentally measured
scattered power has elucidated new kinetic processes in
high-Z gold plasmas. Studies of high-Z plasmas improve our
understanding of radiative properties of hot dense matter
and find many applications in inertial confinement fusion,
laboratory astrophysics or x-ray lasers.

The phase space fluctuation density, i.e. the quantity
from which all other macroscopic fluctuating quantities are
derived, obeys the exact linearization of the kinetic equa-
tions for the single particle distribution function. This obser-
vation has lead us to formulate a nonlocal hydrodynamic
theory for S(k, co) [1], that is based on the solution to the

[1]

2000 -

1500 ~
[2]

1000

500 - [3]

__L_ _1___1 __ \"~ I

5600 581X)601)0 6200 641)1)6600 68(X17001)

Comparison between calculated TS sl)ectra and experi-
mental results [3] using different electron distribution
functions.

linearized kinetic equation for the fluctuating quantities
[2] that is not restricted by the usual validity conditions
for hydrodynamics, namely small wavenumber and fre-
quency. The resulting expression for S(k, m) is dependent
on the frequency and wavenumber dependent ion viscos-
ity and electron transport coefficients. This theory has
been applied to the interpretation of TS data in gold
plasmas [3]. In this experiment for the first time ion
acoustic and Langmuir wave fluctuation spectra have
been simultaneously observed. This allowed accurate
measurements of plasma parameters and in particular
an average ionization stage.

The Langmuir fluctuations have been measured at rela-
tively large values of the wavenumber making the spectra
very sensitive to the form of the electron distribution func-
tion (EDF). In addition, the Thomson probe has reached high
intensity values giving values for the parameter Z(Vo/VS
up to four (v0 is the electron quiver velocity, v stands
for the thermal velocity). Under such conditions the EDF
assumes a non-Maxwellian form [4]. The comparisons with
the measured Langmuir wave spectrum resulted in the first
"almost" direct observation of the non-Maxwellian fea-
tures of the EDF. However, in addition to super-Gaussian
[4] form at low electron velocities we have observed Max-
wellian-like tails of superthermal electrons in the EDE

References
J. Myatt, W. Rozmus, V. Yu. Bychenkov, and V.T.
Tikhonchuk, Thomson Scattering from Ion Acoustic
Waves in Laser Plasmas, Phys. Rev. E, 57, 3383,
(1998).
V. Yu. Bychenkov, W. Rozmus, V.T. Tikhonchuk, and
A.V. Brantov, Nonlocal Electron Transport in a Plasma,
Phys. Rev. Lett., 75, 4405 (1995).
S.H. Glenzer, W. Rozmus, B.J. MacGowan, K.G.
Estabrook, .I.D. De Groot, G.B. Zimmerman, H.A.
Baldis, B.A. Hammel, J.A. Harte, R.W. Lee, E.A.
Williams and B.G. Wilson, Thomson Scattering From
High-Z Laser-produced Phtsmas, Phys. Rev. Lett.,
82, 97, (1999).

[4] A.B. Langdon, Phys. Rev. Lett.. 44.575 (1980).
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Compton Scattering

Frederic Hartemann, Principal Investigator, UC Davis
Co Pl:
Hector Baldis - LLNL and UC Davis

Collaborator: /
Neville Luhmann, Jr., Jonathan Heritage - UC Davis
Bernard Rupp - LLNL and University of Vienna
Claudio Pellegrini - UC Los Angeles
Arthur Kerman - Massachusetts Institute of Technology
Students:
Eric Landahl, David Gibson, Anthony Troha, Fabian Strong, James Van Meter- UC Davis
Arnold Le Foll- Ecole Polytechnique, France

The central theme of our research program is the detailed
theoretical and experimental study of the interaction of rel-
ativistic electrons and coherent photon fields in vacuum.
Electrons are the lightest of the charged leptons and they are
point-like particles, which means that they have no inter-
nal structure. Photons are the quanta of the electromag-
netic field; a laser pulse is a good example of a coherent
photon field: its spectrum (color content) is well-defined,
and a simple mathematical expression encapsulates all of
its characteristics. Despite its apparent simplicity, this field
of research contains a wealth of exciting phenomena: ultra-
high-intensity laser pulses can coherently accelerate elec-
trons in vacuum with very high ~adients (which means that
the electrons gain a lot of energy, thousands of volts, over a
short distance, measured in microns); the same laser pulses
can also be used in a collision with the relativistic electrons
to produce amazing x-ray flashes by Compton scattering.
One of the most exciting applications of our research is

x-ray protein crystallography, which has provided, together
with recombinant DNA technology, a new paradigm for
drug design and synthesis

Fred, Fabian, Anthony, Devon and Elson

Recent Publications
F.V. Hartemarm. E.C. Landahl, D.J. Gibson. A.L Troha. J.R. Van Meter, J.P. Heritage, H.A. Baldis. N.C. Luhmann, Jr., C.H. Ho, T.T. Yang, M.J. Horhy,
J.Y. Hwang, W.K. Lan, and M.S. Yeh, RF Characterization of a Tunable. High-Gradient. X.Band Photoinjector. IEEE Trans. ~lasma Phys. 28,898
(2000).

F.V. Hartemann, H.A. Baldis, R.R. Freeman, A.K. Kerman, et al.. The Chirped-pulse Inverse Free-electron Laser: A H~gtl-gradient Vacuum Laser
Accelerator. Physics of Plasmas, 6, 4104 (1999).
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Compton ScatteringI

Remarkable advances in ultrashort pulse laser technol-
ogy based on chirped-pulse amplification, and the recent
development of high-brightness, relativistic electron sources
allow the design of novel, compact, monochromatic, tunable,
femtosecond x-ray sources using,Compton scattering. Such
new light sources are expected to have a major impact in a
number of important fields of research, including the study of
fast structural dynamics, advanced biomedical imaging, and
x-ray protein crystallography; however, the quality of both
the electron and laser beams is of paramount importance
in achieving the peak and average x-ray spectral brightness
required for such applications. Therefore, one of the primary
purposes of our work is to establish a theoretical formalism
capable of fully describing the three-dimensional nature of
the interaction, as well as the influence of the electron and
laser beam phase-space topologies upon the x-ray spectral
brightness. This is the first detailed analysis of its kind; fur-
thermore, the new radiation theorem that is demonstrated and
used in this work is of a general nature, and is hoped to rep-
resent a useful contribution to the field of classical electrody-
namics; finally, new analytical expressions of the x-ray spec-
tral brightness including the effects of emittance and energy
spread are obtained in the one-dimensional limit.

The aforementioned technical breakthroughs in the
fields of solid-state lasers and high-brightness electron accel-
erators provide a unique opportunity to develop an entirely
new class of advanced x-ray sources, with characteristics
approaching those of third-generation light sources, in a
much more compact and inexpensive package. This, in turn,
offers the possibility of an important spin-off of ultra-short
pulse laser technology into the field of molecular biology,
which is currently growing at an exponential rate: follow-
ing the completion of the Human Genome Project, the sys-
tematic study of protein structure and function is expected
to dominate biophysics in the first half of the 21st Century.
In addition, a new paradigm for rational drug design has
now emerged, using both recombinant DNA technology
and x-ray protein crystallography. New classes of drugs,
a:,~recently exemplified by the development of HIV prote-
ase inhibitors, successfully reduced the viral load of AIDS
patients below the detection threshold of enzyme-linked
immuno-sorbent assays.

In protein crystallography, recombinant DNA technol-
ogy is used to produce large quantities of a given protein by

splicing the corresponding coding DNA sequence into the
genetic material of a bacterium. The transfected bacteria
are cultivated and upon induction overexpress large quan-
tities of the selected protein, which is then isolated, puri-
fied, and crystallized. Diffraction data are routinely col-
lected at LN2 temperature, and the experimental phase mea-
surements necessary for the reconstruction of the electron
density are primarily determined by the multi-wavelength
anomalous diffraction (MAD) method. Finally, a molecular
model of the structure is built into the reconstructed three-
dimensional electron density map.

The key characteristics of an x-ray source useful for
protein crystallography are its small size, low angular diver-
gence, good transverse coherence, and high average spec-
tral brightness. In turn, these requirements determine the
necessary electron and laser beam quality; this forms one of
the main lines of research performed by our group. We are
planning to start an important research program in 2001,
where a compact, high-quality, integrated electron linac
will be used in conjunction with a tabletop terawatt laser
to produce high-brightness x-ray flashes at a repetition rate
of 10 Hz. This system will demonstrate proof-of-principle
Compton x-ray generation, and will also allow the detailed
benchmarking of our three-dimensional x-ray code; scal-
ability to higher repetition rates will also be an important
component of this program. Prospective graduate students
interested by our research are strongly encouraged to con-
tact the P.I., or one of the contact persons.
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X-Ray Protein Crystallography and Compton Source Development

Frederic Hartemann, Principal Investigator, LLNL
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ILSA is currently developing a unique, monochro-
matic, tunable, 1 /~ x-ray microfocus source based on
Compton scattering between a high-brightness, relativistic
electron beam and a terawatt-class, femtosecond laser pulse
produced by chirped-pulse amplification (CPA). LLNL
has applied for a patent describing a particular configura-
tion, capable of generating x-ray flashes with extremely
high average brightness, and called the REFLEX (Ring
Femtosecond Laser-Electron X-ray) source concept.

Motivation

One extremely important application identified and
targeted for the 1 A Compton x-ray source is protein
crystallography, where recombinant DNA technology
can be used to produce large quantities of a given protein
by introducing the corresponding coding DNA sequence
into the genetic material of a bacterium. Overexpression
of large quantities of the protein is induced, and the pro-
tein is extracted and purified. Single crystals of the pro-
tein are grown in solution, and diffraction data (inten-
sities of lattice reflections) are collected at cryogenic
temperatures to minimize radiation damage. To recon-
struct the three-dimensional electron density of the mol-
ecule by Fourier methods, two terms per reflection are

needed: the structure factor amplitudes, which are read-
ily measured as the square root of the reflection intensi-
ties, and the phase angle for each reflection, which is not
directly obtainable from protein data (the "phase prob-
lem" in crystallography). The most powerful method
to solve the phase problem is MAD phasing, where
experimental phase information is obtained from dis-
persive differences between and anomalous (Bijvoet)
differences within data sets collected at different wave-
lengths around the absorption edge of anomalously scat-
tering atoms introduced into the protein.

This approach, first demonstrated at dedicated syn-
chrotron beamlines, has proven extremely successful,
for example, to provide the structural information cru-
cial for the ab initio design of inhibitor molecules tar-
geting specific binding sites on proteins such as the HIV
protease, thus providing a paradigm for systematic drug
design and development. As synchrotrons are large and
expensive facilities, our goal is to develop compact, tun-
able, x-ray sources with nearly comparable character-
istics at a fraction of the cost. Laser-driven Compton
scattering allows one to use much lower electron beam
energies (tens of MeV’s instead of GeV’s), while retain-
ing the tunability distinguishing synchrotrons from con-
ventional x-ray sources. The combination of a tabletop.
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X-Ray Protein Crystallography and Compton Source DevelopmentI

terawatt-class laser with an integrated, high-brightness,
relativistic photoelectron source will result in such a
compact x-ray source.

In recent years, molecular biology has yielded tre-
mendous advances in our understanding of the basic
mechanisms underlying the biology of multi-cellular
organisms, as exemplified by the Human Genome Proj-
ect and the emergenceof recombinant DNA technology.
These advances have resulted in novel approaches to the
systematic diagnosis and treatment of an broad range
of illnesses: for example, a detailed understanding of
the expression of proto-oncogenes might lead to highly
efficient new strategies to fight cancer. With the HGP
nearing full completion, the attention of the biomedical
research community is rapidly shifting to the fundamen-
tal problem of protein structure and function, or struc-
tural genomics. We also note that in FY 1998, the R&D
budget of the pharmaceutical industry reached $21B,
82% of which was spent domestically. Finally, the under-
standing of the causes of cancer at the molecular level
is one of the top research priorities set by the National
Institutes of Health (NIH).

Within this context, x-ray protein crystallography is
one of the foremost tools to study the three-dimensional
structure of proteins. As recently demonstrated by the
development of HIV pro~ease inhibitors, x-ray protein
crystallography is a key enabling technology for ratio-
nal drug design and development.

What are Proteins?

Proteins are highly structured and complex polymers
of L-amino (left-handed) acids, linked together by peptide
bonds. Three-dimensional, structured proteins are pro-
duced from their linear DNA templates in a complex tran-
scription and subsequent ribosomal translation process.
The importance of structural knowledge cannot be over-
emphasized as the molecular structure of proteins deter-
mines an extremely wide variety of functions: enzymes
catalyze biochemical reactions; membrane receptor pro-
teins signal to the cell interior when a ligand binds; trans-
port and storage proteins, such as hemoglobin and ferritin,
distribute metal ions or chemicals throughout the body;
structural proteins, including collagen and keratin, and
muscle fibers, such as actin and myosin, play an impor-
tant role in the architecture of multi-cellular organisms;
nutritional proteins provide amino acids for growth (e.g.
casein and ovalbumin); antibody proteins are essential
components of the immune system; finally, regulatory pro-
teins such as transcription factors, bind to and modt, late

the transcription of DNA. Human DNA contains approxi-
mately 3 x 109 base pairs, which are estimated to code for
over one hundred thousand different proteins.

HIV Protease Inhibitors: A New Paradigm
for Structure-Based Drug Design

One of the most dramatic illustrations of the power
of x-ray protein crystallography and MAD is the recent
development of completely new classes of anti-viral
drugs, as exemplified by HIV protease inhibitors. The
recent development of such powerful anti-viral drugs to
fight HIV has demonstrated the efficiency of x-ray pro-
tein crystallography as a powerful tool to help design
new drugs ab initio, in sharp contrast with the previous
trial-and-error approach. For example, the first genera-
tion of anti-HIV drugs include such molecules as AZT
(azidothymidine), a molecule analogous to the nucleo-
side thymidine; the reverse transcriptase_enzyme of the
virus is thus misled into using AZT instead of thymi-
dine, which is normally paired with adenosine on the
RNA chain to be transcribed. However, because of its
relatively poor specificity, AZT also inhibits the cellu-
lar polymerase of mitochondria, which produce adenos-
ine tri-phosphate (ATP); this explains the serious side
effects of this drug, including severe muscle fatigue and
anemia. 36 Similarly, other reverse transcriptase inhibi-
tors have been synthesized and administered to AIDS
patients, including ddI (a precursor to ddA, an analogue
to deoxyadenosine), and ddC (an analogue to deoxycy-
tosine); both are toxic, causing neurological problems,
including polyneuritis. More recently, equally active and
somewhat less toxic drugs have been introduced, such
as 3TC, an analogue of cytosine, d4T, an analogue of
thymidine, and non-nucleoside analogues, such as TIBO
inhibitors. Combining such drugs, at lower doses, helps
minimize the aforementioned side e f.fects; however, the
most dramatic improvements have oeen obtained after
the HIV protease structure has bJen determined by x-ray
crystallography: with the knowledge of atomic details
within the catalytic site of the HIV protease, a novel
family of small molecular drugs, called protease inhibi-
tors, has been designed and synthesized ab initio, with
high specificity to the aspartyl binding sites of the HIV
protease. These new drugs have been very successful,
especially when used in conjunction with the aforemen-
tioned reverse transcriptase and integrase inhibitors (the
so-called "triple therapy"), in reducing the viral load in
some patients below the detection threshold of enzyme-
linked immuno-sorbent assays.
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Figure 1. Selenium K-edge. Figure 2: Example of atomic-resolution, three-dimensional elec-
tron densi~ map obtained using MAD phasing. A chemical model

is also shown for illustration.

How Does MAD (Multi-Wavelength
Anomalous Diffraction) Work?

The basic elements behind MAD phasing are pre-

sented below; here, we note that before the introduction of
MAD, the isomorphous replacement method was success-

fully used to obtain the structure of complex proteins; for
example urease was studied by Jabri et al., with 40 heavy

atom compounds screened to find five sufficiently iso-
morphous derivatives of the crystal: HOHgC6H~CO,Na,
EuCI,, Hg:(CH,COO):, C(HgOOCCH~)4, and
(CH3i3Pb(CH3COO). This example indicates the level
of complexity and uncertainty involved in the search
for multiple isomorphous heavy metal derivatives, and
why MAD has quickly become the preferred method for
phase determination for complex macromolecular crys-
tals, as explained above.

One of the key challenges in protein crystallogra-
phy is the determination of the phase of the diffracted
waves, which is determined by the absolute spatial posi-
tion of each diffracting atom in the lattice. The electron

density in the crystallized protein is obtained by per-
forming the Fourier summation:

1 ~
+oo

p(x,y,z)=-: Y. Y, [F(h,k,l)exp
Vh=-~k=-~t=-~

+
where F,(h,k, l) is the structure factor amplitude of reflec-
tion (h,L’,’), including the temperature factor, and q)(h,k,l)

(is the phase angle to be determined. The X-ray detector
measures the diffracted intensity, I(h,k,l).] (.~ F h,k,l)J’;
therefore, additional intbrmation is required to determine
the phase, in order to perform the three dimensional Fou-
rier summation in .the equation above.

In the case where a crystal contains anomalous scat-

ters (either as heavy atoms soaked into the protein crystals
or introduced into the protein as Se-Methionine), one can
exploit the differences in intensity between Bijvoet pairs
within a data set. and dispersive differences between data
sets recorded at dift~rent wavelengths, to determine the

20---] Institute for Laser Science and Applications Report 2000



HIGH BRIGHTNESS HIGH-ENERGY PARTICLE BEAMS q.

X-Ray Protein Crystallography and Compton Source DevelopmentI

reflection phase angles. In MAD, the strong wavelength
dependence of the anomalous scattering around an x-ray
absorption edge is used: typical spectral widths for well-
defined K or L-edges are of the order of a few eV. The
wavelengths must be correspondingly carefully chosen to
optimize the anomalous and dispersive signal (see Figure
1). Many high-Z elements, which can be incorporated into
proteins, give rise to sufficiently strong anomalous signals.
Hendrickson showed that the presence of a single Se atom
in a protein of up to approximately 150 amino acid resi-
dues is sufficient to determine phases via MAD. A single
heavy atom like Au or Hg can have the power to phase
300 or more residues. Several anomalous scatterers pres-
ent in a single crystal allow the phase determination of cor-
respondingly larger structures. The results of a MAD phas-
ing experiments are presented in Figure 2, where the elec-
tron density map is shown with atomic precision.

The IJMAD Concept

A unique characteristic of the Compton source is the
very small size of the x-ray source, which essentially
matches that of the laser focal spot size; for imaging
applications, this translates into increased contrast and

better resolution. This also has important implications
for micro-crystals, which are more easily produced and
often are of better quality (i.e., diffracting to higher res-
olution with smaller mosaicity), than larger ones. Cool-
ing also becomes less problematic in smaller crystals due
to the lower amount of heat generated and the more advan-
tageous surface to volume ratios. Therefore, the Compton
x-ray source seems almost ideally suited for the devel-
opment of a compact, user-friendly, tunable x-ray source,
with an average brightness comparing well with that of
rotating anode sources, and the capability of using MAD on
micro-crystals; this is the idea underlying the micro-MAD
(/aMAD) concept currrently being evaluated at LLNL.
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Our group has proposed a new accelerating concept, the
chirped-pulse inverse free-electron laser (CPIFEL). 
are studying the inverse free-electron laser (IFEL) inter-
action both theoretically and computationally in the case
where the drive-laser intensity approaches the relativ-
istic regime, and the pulse duration is only a few opti-
cal cycles long. The IFEL concept has already been
experimentally demonstrated as a viable vacuum laser
acceleration process; we have shown that by using an
ultra-short, ultra-high-intensity drive laser pulse, the

IFEL interaction bandwidth and accelerating gradient
are increased considerably, thus yielding large energy
gains. Using a chirped pulse and negative dispersion
focusing optics will allow us to take further advantage
of the laser optical bandwidth and produce a chromatic
line focus maximizing the gradient. The combination
of these novel ideas results in a compact vacuum laser
accelerator capable of accelerating picosecond electron
bunches with a high gradient (GeV/m) and very low
energy spread.
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Inverse Free Electron Laser

The inverse flee-electron laser (IFEL) interaction has been
proposed as a viable vacuum laser acceleration process.
IFEL acceleration was first demonstrated experimentally at
Columbia University, followed by experiments at Brookhaven
National Laboratory (BNL) using a nanosecond-duration,
gigawatt (GW) 2 laser. The IFEL isattractive for laser
acceleration because the interaction occurs in a vacuum,
away from boundary conditions, thus allowing for a rela-
tively large interaction region; since a plasma is not employed
as the accelerating medium, this resolves a number of
potential problems, including plasma instabilities, nonlin-
ear laser propagation, shot-to-shot reproducibility of the
plasma, and the extremely small accelerating potential well,
or "bucket", which characterizes laser-plasma acceleration
schemes. Also, the IFEL wiggler is suitable to provide
good focusing and electron-beam optics and transport, thus
offering the potential for producing the high-quality elec-
tron beams required for advanced light sources, biomedical
applications, and the Next Linear Collider.

However, one of the fundamental limitations of this
acceleration scheme is the dephasing of the trapped electron
with respect to the drive-laser wave: As the electron energy
increases, the free-electron laser (FEL) resonance condi-
tion can no longer be maintained, and the electron reaches a
maximum energy given by the FEL interaction bandwidth.
This problem can be solved in two different ways: either
the wiggler period and/or amplitude can be tapered, as suc-
cessfully demonstrated in a high-efficiency FEL, or, equiv-
alently, the drive laser pulse can be chirped. Up to now,
IFEL gradients have been comparable to those possible with
high-frequency rf systems (roughly up to 100 MeV/m). 
contrast, the main focus of our work is the preliminary the-
oretical and computational study of the IFEL interaction in
a different regime, where we consider ultra-short, TW-class
drive laser pulses which are now routinely generated by
tabletop systems using chirped pulse amplification (CPA).
For such femtosecond (fs) laser pulses, the IEEL interaction
bandwidth is considerably wider than in the case of lower-
intensity drive pulses with durations i l’ the picosecond to

nanosecond range: Basically, the FEL resonance condi-
tion indicates that when the electron slips over one laser
optical cycle, it also propagates over one wiggler period;
thus, for femtosecond pulses, the wiggler interaction region
is extremely short, and the IFEL resonance bandwidth is
correspondingly wide. This directly translates into the fact
that the electron energy can now vary significantly before
the IFEL interaction detunes and saturates; additionally,
the ultra-high laser pulse intensity yields a high accelerat-
ing gradient. Thus, the IFEL interaction physics is expected
to change dramatically for broadband (femtosecond) drive
laser pulses near the so-called "relativistic intensity regime"
(>1017 W/cm2 for optical wavelengths).

We have determined how the use of a chirped laser pulse
allows the FEL resonance condition to be maintained beyond
the conventional dephasing limit, thus further improving
the electron energy gain. It has also been shown that the
ultra-short, high-intensity laser pulses generated by the CPA
technique make it possible to design an IFEL with very
high accelerating gradients (>1 GeV/m), in contrast with the
longer pulse approaches previously considered.

Another practical limitation of IFEL accelerators is
the diffraction of the drive laser pulse. This can be alle-
viated by taking advantage of the ultra-wide optical band-
width of the chirped laser pulse: Negative dispersion focus-
ing optics can be used to produce a chromatic line focus,
where long wavelengths are focused first, while the shorter
wavelengths required to maintain the FEL resonance con-
dition at higher energies are focused further along the inter-
action region. We have demonstrated numerically that the
accelerating IFEL bucket is very wide compared to plasma-
based laser acceleration schemes: For a 1 ps FWHM (full
width at halt-maximum) Gaussian elect,.on, bunch, and a 
cm period wiggler, the IFEL energy spread is <0.9%. This
is extremely advantageous for a practical laser accelerator,
as the device could be driven by a conventional rf photo-
injector. ProsPective graduate students interested by our
research are strongly encouraged to contact the P.I.. or one
of the contact persons
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The plasma lens was proposed as a final
focusing mechanism to achieve high lumi-
nosity for future high energy linear collid-
ers [1]. Previous experiments to test this
concept were carried out with low energy
density electron beams [2]. Recently, the
E-150 collaboration working at the Stan-
ford Linear Accelerator Center has
obtained data on plasma focusing of high
energy density electron and, for the first
time, positron beams.

Plasma chamber installed in the Final Focus Test Beam line.
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Plasma Focusing of 30 GeV ElectronsI

The experiment was carried out at the SLAC Final
Focus Test Beam facility (FFTB). The nominal positron
beam energy was 30 GeV, with 1.5El0 positrons per beam
pulse. The plasma lens was produced by laser and beam
ionization of a neutral nitrogen gas-jet injected into the
plasma chamber by a fast-pulsing nozzle. The beam size
was measured using a carbon fiber wire scanner system.

Plasma Focusing of Positron Beams

E150 Preliminary (Apr.2000)

++*
N2 gas

¯ No plasma
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Plasma focusing of positron beams

The results for laser (and beam) ionization plasma
focusing of positron beams are shown in the figure.The
measured transverse beam size is shown as a function
of the distance (Z) between the wire scanner and the
plasma lens. The axis of the gas-jet is at Z = -10.5 mm.
The beam envelope is shown converging without plasma
focusing (triangle points); while with laser (and beam)
induced plasma focusing (filled circles), the beam enve-
lope is shown converging towards a reduced waist and
then diverging because of the strong focusing. Focusing
is also observed for beam-induced plasma with the laser
turned off.
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We are exploring the use of tabletop picosecond lasers as com-
pact drivers for short wavelength collisional excitation x-ray
lasers. The gain medium for amplifying the x-ray laser is pro-
duced from a highly ionized plasma column created by focus-
ing a 600 ps laser beam onto a polished metal target. The popu-
lation inversion is generated by the rapid heating of this plasma
with a second, high intensity ~1 ps pulse. This two step process
allows higher efficiency and higher repetition rate x-ray lasers
using low -5 J laser driver energies.

By optimizing the plasma conditions, x-ray lasers in the 11.9
- 32.6 nm wavelength range have been generated from Ni-like
and Ne-like closed-shell ions. We have recently achieved opti-
mum extraction efficiency by driving these x-ray lasers into sat-
uration. Various characterization experiments to measure the
gain region inside the plasma and study the effect of line focus
uniformity have been successfully completed. Initial studies are
also underway to investigate the use of gas puff targets to create
more uniform and efficient x-ray lasers at shorter wavelengths.
Several applications using the x-ray laser beam are being

planned for the near future including the study of material
properties and the characterization of high density plasmas.

Yuelin Li aligns x-ray laser target in COMET laser
target chamber
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X-RAY SOURCES AND APPLICATIONS

Development of Picosecond X-ray Laser SourceI

Gain saturation is the desired operating regime for x-ray
lasers if the maximum extraction efficiency of energy from
the plasma gain medium is to be attained. The main chal-
lenge to improving x-ray lasers has been taking a tabletop
scheme and succesfully driving it into saturation. Towards
this goal, substantial improvement has been made in the
reduction of the laser drive energy required to generate the
inversion by collisional excitation. The pre-pulse technique,
proposed by Nilsen [1], has achieved gain saturation when
using 75 ps pulses with 30 to 150 J energy on various Ni-
like 4d ---> 4p J=0 ---> 1 transitions from 140/~ to 59/~ for
Ag and Dy in the last 3 years [2, 3].

Progress towards a tabletop x-ray laser has advanced
in parallel because the advantages of reduced size, low cost
and high repetition rate are important for future develop-
ment of applications. The fast capillary discharge plasma
operating at 469 A for Ne-like Ar has been shown to
achieve gain saturation [4]. The transient collisional exci-
tation scheme has been proposed by Shlyaptsev and dem-
onstrated experimentally on Ne-like Ti at 326/~ for laser-
driven tabletop schemes [5]. This utilizes two laser pulses
where a ns pulse generates the plasma and creates the
required Ne-like or Ni-like ionization conditions. After a
delay to allow for plasma cooling and expansion which is
desirable for both optimum pumping and ray propagation
along the plasma column, a 1 ps laser pulse generates a
transient population inversion. This fast heating timescale
allows efficient pumping without perturbing the ionization.
Very high x-ray laser gains greater than 100 cmt are pre-
dicted and so saturation for target lengths of less than 1 cm
is possible.

The experiments were performed on the Compact Mul-
tipulse Terawatt (COMET) laser system at LLNL. This
laser, operating at 1054 nm wavelength, utilizes the tech-
nique of CPA to produce two beams of nominally 500 fs
and 600 ps (FWHM) pulse duration with a repetition rate
of 1 shot/4 minutes. The short pulse was lengthened to 1.2
ps with 5 J e4ergy while the long pulse energy was typi-
cally less ,~han 2 J. The peak-to-peak delay between the
laser pulses was 700 ps with the short pulse arriving after
the long pulse. The line tbcus length of 1.1 cm was achieved
with a cylindrical lens and an on-axis paraboloid. The on
axis x-ray laser output was observed with a 1200 line mm~

variable-spaced flat-field grating spectrometer with a back-
thinned 1024 × 1024 charge-coupled device (CCD). Filters
giving attenuation between 10 - 30 x were used to prevent
the x-ray laser saturating the CCD: A major change from
our previous x-ray laser campaigns [6] was to introduce
a traveling wave scheme to mitigate against the reduced
amplification at longer target lengths. This effect results
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Figure 1. Single shot spectra from the Ni-like ion sequence
from Mo to Sn

from the short-lived transient gain lifetime. A simple reflec-
tion echelon technique was adopted consisting of five fiat
mirror segments placed before the focusing optics. Each
segment was offset by 0.12 cm to introduce a traveling wave
towards the spectrometer with a delay of 7.7 ps per step.
This matches the 1 ps laser excitation to the propagation
of the x-ray laser in the gain region. For non-traveling
wave excitation the reflection echelon was replaced with
a flat mirror.

Figure 1 shows the spectra of Ni-like ion sequence for
0.9 cm targets of Mo, Pd, Ag, Cd and Sn irradiated with the
two laser pulses pulse with the traveling wave optic. The
4d ~ 4p x-ray laser transitions are dominant in each spec-
trum with the highest intensity observed for the 188.9 ,~,
146.8 A and 138.9 A lines of Mo, Pd, and Ag, respectively.
Our recent gain measurements for Mo together with spa-
tial imaging of the gain region indicate that the gain length
product is 16.8 _ 0.6 and that the laser intensity is several
times above the saturation regime. Overall, the Pd x-ray
laser has the highest intensity.

Figure 2 shows the intensity versus length of the Pd
x-ray laser with and without the traveling wave. Nominal
energy in the line focus is 2 J in 600 ps and 5 J in 1.2 ps.
The small signal gain is determined to be 41 cm~ using
the Linford formula. The laser output smoothly increases
to achieve an overall gain length product of 18.1. With
no traveling wave. the x-ray laser output flattens out for
targets above 0.4 cm. In contrast the traveling wave data
shows continued increase in output to between 20 to 100
times higher at 0.9 cm. Our analysis using the RADEX
simulation code concludes that the rolloff in the x-ray laser
output without the traveling wave excitation is determined
primarily by the short transient gain lit~time in the plasma
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I Development of Picosecond X-ray Laser Source
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Figure 2. IntensiD, versus length plot for Ni-like Pd
4d --~ 4p x-ray laser line.

column and secondly by refraction issues related to den-
sity gradients. The transient gain lifetime was estimated to
have an exponential decay constant of- 7 ps which corre-
sponds to 0.2 cm photon transit path. The traveling wave
excitation scheme substantially reduces the transient gain
effect hence leaving plasma refraction as the most impor-
tant effect.The predicted saturation intensity Ls~t of the Pd x-ray

laser line is estimated to be 3.7 x 109 W cm"2. The experi-

mental 146 A Pd x-ray laser intensity, Ix p, can be also
estimated. The output energy was determined to be 12
~tJ. The gain region of 80 ~m x 50 tam and x-ray laser

pulse duration of -7 ps, estimated from previous analy-
sis yield an experimental Pd x-ray laser intensity of I

cxp

= 4 + 2 x 10~° W cm-2 which is ~10 times higher than Isa,-
Due to high small-signal gain the laser output is still
increasing nonlinearly with length at the longest targets
while the laser is operating in the saturation regime. The

output is smoothly increasing at a continually decreas-
ing rate and it should be possible to extract more energy
with a few additional millimeters of target under the
present irradiation conditions or by driving the plasma
harder. More significantly, this demonstrates the strong
robustness of this concept where driving table-top x-ray
lasers into sub -100 A wavelength range will be of pri-
mary importance in the future.
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Historically, x-ray lasers have been produced with large and
expensive multi-kilojoule laser systems significantly limit-
ing their availability for research and applications. The
goal of this project is to develop the next generation of soft
x-ray lasers that can achieve high brightness at short wave-
lengths yet require small table top optical pumping lasers.
In order, to achieve this we have focused on the develop-
ment of an inner-shell x-ray laser. This scheme uses x-rays
produced by an ultrashort pulse (<50 fs) optical laser 
produce K-shell vacancies and inversion in a low density
carbon foam. Although yet to be demonstrated, inner-shell
x-ray lasers have the potential for improved efficiency and
can be scaled to very short wavelengths. We have designed
the target and hope in the near future to perform the first
experiments to demonstrate an inner-shell carbon x-ray laser
operating at 45 ~.

Franz Weber (LLNL) and graduate students Nicholas Matlis
(UT Austin) and Tommy Ao (UBC) aligning an interferom-
eter used in the inner-shell XRL experiment on the Falcon
Laser
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X-RAY SOURCES AND APPLICATIONS

Inner Shell X-ray Laser Development

A long standing goal of laboratory x-ray laser research
is the realization of x-ray lasers working at wavelengths
close to or even below the water window (26-44 ,~) with
a table-top energy source. Although a number of table-top
sized schemes have been recently demonstrated, they work
at wavelengths beyond 100 A and are difficult to scale to
shorter wavelengths. In this project we have adopted an
alternative approach to short wavelength x-ray lasers, which
is the inner-shell photo-ionization (ISPI) scheme. The laser
transition is pumped by an incoherent x-ray source. Using
carbon for the lasant material as an example, the underly-
ing concept is based on the fact that the photo-ionization
cross section is much larger for the tightly bound inner
shell electrons (i.e., the ls electrons) than for the more
loosely bound outer shell electrons (i.e., the 2p and 2s elec-
trons). This requires photon energies at least high enough
to photo-ionize the K-shell, -286 eV, in the case of carbon.
As a consequence of the higher cross section, the inner-
shell are "selectively" knocked out, leaving a hole state
ls2s22p2 in the singly charged carbon ion. This generates
a population inversion to the radiatively connected state
ls22s~’2p in C÷, leading to gain on the ls-2p transition at
45 /~. The resonant character of the lasing transition in
the single ionization state intrinsically allows much higher
quantum efficiency.

Competing processes that deplete the population inver-
sion include auto-ionization, Auger decay, and in particular
collisional ionization of the outer-shell electrons by elec-
trons generated during photo-ionization. These competing
processes rapidly quench the gain. Consequently, the pump
method must be capable of populating the inversion at a rate
faster than the competing processes. This can be achieved
by an ultra-fast, high intensity laser that is able to generate
an ultra-fast, bright x-ray source. Our calculations to date
indicate that for the C 2p-ls lasing transition an ultra-fast
x-ray burst (on the order of 40 fs) is needed to generate
gain of -10 cm-t with a duration of 50 fs. Although the
basic concept of the ~SPI laser was proposed over 30 years
ago by Duguay !nd Rentzepis, it has never been demon-
strated because the necessary pumping sources have not
been available. With the advent of advanced chirped-pulse
amplification techniques we now have available ultrashort
pulse lasers with the necessary pulse width and energy. The
Falcon laser at LLNL is one such laser.

During the past year we optimized the x-ray converter/
filter assembly to maximize the x-ray output above the
carbon K absorption edge (286 eV). The converter com-
prises a layer of 200/~ of gold on top of 1 k/~ of titanium.
The ionization velocity in the absorber material ensures that
the thin gold layer is completely ionized at the end of the -
40 fs optical pump pulse. The realized x-ray source is inco-
herent and insensitive to heating of the filter material. Other
advantages of this target design include the lack of toxic
constituent materials and a simple and inexpensive fabrica-
tion process. The thin titanium filter prevents soft x-rays
from ionizing L-shell electrons in the carbon lasant.

Using an x-ray spectrometer and CCD we measured the
time integrated x-ray flux as a function of laser intensity. At
a laser intensity of 6.9 x 1017 W/cm2 the conversion efficiency
into useful x-rays that radiate through the filter and have enough
energy to ionize the K-shell was 10-*. In order, to be able to
pump a 2 mm long gain medium will require a 2-5J laser, this is
three orders of magnitude lower total energy than used to dem-
onstrate the Ni-like Tantalum x-ray laser on the NOVA laser.

Before attempting a demonstration of an ISPI x-ray
laser several challenges remain: making a time resolved
measurement of the x-ray emission and producing an effec-
tive traveling wave pumping scheme. Time resolution of
conventional x-ray diagnostics is insufficient to resolve a 40
fs rise time x-ray pulse. We are planning a series of experi-
ments that will use optical reflectivity to probe the change
in the carrier density induced in a thin diamond sample.
By using an ultrashort probe we expect to achieve 20-30
fs temporal resolution of the x-ray emission. The second
challenge that needs to be overcome is to develop an effec-
tive technique for producing a traveling wave pump. Trav-
eling wave pumping requires that the optical laser gener-
ates x-rays along the x-ray laser axis synchronized to the
propagation of the x-ray laser photons. This is necessary
because the gain duration is expected to be 10-20 fs whereas
the time for x-rays to travel 3 mm is l0 ps.

The successful demonstration of a table top inner-shell
x-ray laser will not only validate our fundamental under-
standing of the atomic and plasma physics relevant in this
regime, but also make available to a wide community a new
and exciting x-ray source. Using the Falcon laser system at
LLNL we hope within the coming year to perform the first
ISPI x-ray laser tests.
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There has been much progress recently reported on laser-
driven soft x-ray laser systems capable of producing
megawatts of stimulated emission in the range of 100A -
200A from Ni-like collisional excitation schemes [1-2].
This opens the door to many exciting opportunities for
many applications including microscopy, x-radiography,
and for use in probing high-density plasmas [3] with
lower energy x-ray laser pump sources. Longer wave-
length lasers are typically employed for many plasma
diagnostic applications such as interferometry, Thom-
son scattering (TS) and Faraday rotation, but are limited
to lower densities, typically in the range 1020 - 1021
cm3 for visible-UV light. X-ray lasers therefore offer
the exciting possibility of probing orders of magnitude
higher densities than previously reached.

Thomson scattering from stable density fluctuations is a
powerful diagnostic used to measure local plasma param-
eters, distribution functions and transport process [4]. In
this work we demonstrate through calculations and theo-
retical analysis the first application of an existing x-ray
laser for probing high-density plasmas. We find neces-
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sary to overcome thermal emission levels at the wave-
length of the probe.

sary conditions for the probe intensity, spectral resolu-
tion of the spectrometer and sensitivity of the scattered
x-ray detection system for the measurement of electron
temperature in short pulse laser-produced plasmas.

Recent Publications

H.A. Baldis, J. Dunn. M. Foord, W. Rozmus, C. Andersen, and R. Shepherd, X-Ray Thomson Scattering: Towards Diaonosticsfor Solid Density

Pla.~’ntas, Comments Plasma Phys. Contr. Fusion, (in press) (2001).

Affiliated Institutes

UC Davis; Theoretical Physics Institute, University of Alberta

Institute for Laser Science and Applications Report 2000



I
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Thomson Scattering with X-ray Lasers
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We discuss the general application of Thomson Scat-
tering (TS) as a probe of hot dense plasmas. Usually limit-ing the electron density n to 0.1 of the critical density, nc

, eliminates refraction and strong absorption. For the x-raylaser wavelength of 147/~, nc = 4.4 10-’~ cm-3. The goal of this

discussion is to demonstrate the feasibility of such a mea-
surement with an existing x-ray laser as well as to illustrate
several general issues related to the applications of TS as
plasma diagnostic at high particle densities. Furthermore, TS
of the x-ray laser beam allow a direct insight into a dynami-
cal electron density correlation function. The novelty of our
study is in the examination of this function for plasma con-
ditions previously inaccessible to TS experiments.

Consider a geometry of the measurement where 0 is
the angle between the direction of the probe propagation,
along ko and the direction of the scattered light detection,
parallel to kl. The angle 0 defines the k-vector in a plasma,
k = [ko - kt [[k = 2ko sin(q~ / 2)], of the spectral component
of an electron density correlation function contributing to
the TS cross-section. The probed k-vector and parameter
o~ = 1/k~.D define two regimes of the incoherent TS: collec-
tive for o~ > 1, where the cross-section is dominated by elec-
trostatic plasma mode resonance and single particle for ~ >
1, where single particle distribution function defines form
of the electron density correlation’s. The range of plasma
parameters in the planned experiment (T-50eV, n > 10-’3

cm-’) and the wavelength of the Thomson probe (~. = 147
~) lead to values of cc larger than one (~ > 1) for all scat-
tering angles 0. thus allowing us to limit the discussion to a
case of the collective TS.

High electron density allows examination of the plasma
response under conditions, which have been inaccessible in
the past to the TS experiments. For example, conditions of the
planned experiment lead to k~. ,~0.11, where k, is the elec-
tron-ion mean-free-path. For this value of the wave-vector

k, the dynamical form factor S(k,¢o) [5] must be derived from
the kinetic theory including weak collisional effects [6].

In view of the limited power output of the x-ray
laser, it is important to first apply the TS cross-section
in threshold calculations, where by comparison with
plasma thermal emission levels we find the necessary
intensity of the x-ray probe, Ip. For this threshold value
of Ip Thomson scattered signal equals to bremsstrahlung
emission. Results of threshold calculations are displayed
in the figure, showing several intensity curves on the
plane of electron density and temperature. The relevant
range of plasma parameters must be located above the
threshold intensity curve.
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The project we are working together with LLNL has been
related to detailed modeling of a new kind of short wave-
length laser and its applications.

Our recent theoretical and experimental investigations were
accomplished with the building of table-top X-ray lasers,
which are many-fold smaller and cheaper than those which
were first developed at LLNL 15 years ago. Improved phys-
ical models of these lasers, obtained due to close interaction
with the experiment, will represent the basis for efficient

and compact X-ray lasers of the next generation and further
shortening of generated wavelengths.

The second problem which we discovered theoretically and
plan its realization experimentally, is related to new kinds
of X-ray optics and other applications for free-electron laser
light sources. The optical methods based on original plasma
refracting lenses, and special configuration mirrors, prom-
ise to achieve very tight X-ray laser beam spots size and
extremely high fluxes.
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X-RAY SOURCES AND APPLICATIONS

Theoretical Study of Table-top X-ray Lasers

Gain Saturation on Tabletop Laser-Driven
Ni-like Ion X-ray Lasers

The compact table-top X-ray lasers we have been work-
ing on are called transient collisional excitation X-ray lasers.
These short pulse -1-10 ps devices operate in 100-300 A
region with the power comparable to generation Nova-
based lasers. Due to its unique parameters, it was possible
dramatically scale down laser size and cost. It currently
occupies 1-2 optical tables.

In theory, the way this advanced type of lasers oper-
ate is based on selective excitation of highly charged ions
with the speed exceeding interatomic times [1]. Since these
times for high-Z ions are in picosecond and shorter range
the new powerful short-pulse lasers, so-called Chirp-Pulse
Amplification (CPA) lasers, are used to prepare the plasma.
Preliminary calculations suggested incredible parameters
not seen before in X-ray lasers.

Our goal consisted in creating detailed numerical
models to understand the underlying physics of kinetics of
ions under fast excitation, the hydrodynamics of plasma for-
mation with short laser pulses and the amplification proper-
ties for prediction and reproduction of all data obtained in
real experimental conditions. The numerical codes we suc-
cessfully continued to develop allowed us to look inside of
these plasma objects and reliably describe their behavior.

Transient collisional excitation X-ray lasers were repro-
duced in many laboratories in the world which actively
continue working in this field.

These codes, which include magnetic hydrodynamics
effects, were also successfully used for development in sev-
eral other types of X-ray lasers based on electric current
plasma formation. This work was done in collaboration with
several groups in USA and abroad.

The problem that we started to investigate recently is
related to development of applications for next generation
light sources. The free-electron X-ray laser (called LINAC
Coherent Light Source, LCLS) is based here on electron
acceleration technique and whole experimental setup in this
case is of course very large and expensive. But X-ray laser
itself has extremely high brightness parameter and operates
in 1.5 A range. Its power is so high that it is hard to trans-
port and focus the output because most materials do not
sustain the overheating.

Applying finding in X-ray lasers plasmas hydrodynam-
ics based on electrical discharge in gas-filled tubes (called
capillaries) we are considering to use the optical elements
based on capillary plasma. Refractive medium here has
been formed due to ablation of the wall material, heating
of plasma with electric current and strong thermal conduc-
tion to the capillary walls. Because the medium in this case
is relatively rear and already enough hot (plasma), it can
easily sustain high X-ray fluxes. Focal spot size -1000nm
and high fluxes 10ts-1019 W/cm2 are expected to achieve
with this lens. Several other designs of X-ray optical ele-
ments also are under consideration which allow to achieve
even shorter focal spot size of -10 nm in diameter with
enormous flux densities -10 23 W/cmz.

Reference

[l] Y.V. Afanasiev and V.N. Shlyaptsev, Formation of
a Population Inversion of Transitions in Ne-like Ions
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Short-pulse Ultra-intense Laser Plasma InteractionsI

Pravesh Patel, Principal Investigator, LLNL
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Dwight Price, Jim Bonlie, Frank Patterson, Andy Mackinnon, Paul Springer - LLNL

The field of short-pulse ultra-high intensity laser interac-
tions has seen an explosion in recent years in terms of both
advances in laser technology and in our understanding of
the physics of laser-plasma interactions and the plasma
state. Critical to the growth of this field has been the con-
tinuous development of laser systems around the world
capable of reaching ever-increasing focal intensities (the
focal intensity of a laser is defined as the incident laser
energy per unit time, per unit area at the laser focus). The
largest strides in achieving increased intensities have been
made through reducing the temporal length of the pulse;
thus whilst a decade ago nanosecond (109S) pulses were
regarded as short, today laser systems with 30 femtosec-
onds (30 x 10-~Ss) pulses are relatively common. These
pulse durations are fast approaching the duration of a single
optical cycle of the laser light (1 ~m wavelength light has
an optical cycle of 3.3 femtoseconds). This rapid devel-
opment in ultra-intense lasers has enabled experimenters
to access hitherto unexplored extreme states of hot dense
matter, and in doing so has created a wholly new field of
relativistic laser-plasma interactions.

Pravesh Patel aligning a target inside the interaction
chamber.
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ULTRA-SHORT LASER PULSE INTERACTION PHYSICS

Short-pulse Ultra-intense Laser Plasma Interactions

At LLNL we have recently completed the construction
of a new 200 TeraWatt (1 TW = 10t2 Watts), 100 femtosec-
ond laser, the JanUSP laser, capable of producing a focussed
intensity in excess of 10:~ Watts/cm2 - the highest recorded
laser intensity in the world. At these light intensities the pri-
mary absorption mechanism, or process through which the
laser interacts and transfers energy to a target material, is
through direct acceleration of electrons by the electric field
of the laser. Since the electric field of the laser is oscillating
rapidly in time, the accelerated electrons describe an oscil-
latory motion in the direction of the electric field. The mean
energy associated with this motion is termed the ’quiver
energy’ and it scales with the square root of the laser inten-
sity. In the long pulse regime (typically pulselengths > 100
ps and intensities < 1016 Wcm-2) this quiver energy is of the
order of 10’s ofkeV (NB. 1 keV of energy is equivalent to 
temperature of 11.6 million degrees Celsius). However, in
the picosecond and femtosecond regime far higher intensi-
ties can be attained. At an intensity of 5 x 1018 Wcm-~ the
quiver energy exceeds 511 keV (0.511 MeV) - the rest mass
of the electron. This means that the electrons in the plasma
are being accelerated to near relativistic velocities. At the
peak intensity of the JanUSP laser the quiver energy is sev-
eral MeV, and the electrons become highly relativistic. The
resulting plasmas exhibit a wide range of interesting phe-
nomena, many of which are traditionally home to the field
of high energy particle physics such as strong gamma ray
production, electron-positron pair creation, and photo- and
particle-induced nuclear reactions.

Our initial experiments on the laser have focussed
on characterising the high energy electron, gamma, ion
production from the plasma. One of the techniques we
employ is to utilize the fact that many of these particles
have kinetic energies sufficient to induce nuclear reactions
in the atoms with which they collide. Threshold energies
for these reactions are typically in the above MeV range.
An example is the (gamma, neutron) reaction in Au-197
(where 197 is the nuclear m.:~s number). Its peak cross-
section lies from approxir ttely 12 to 16 MeV. On collision

of the gamma ray with a Au-197 atom a neutron is emitted
leaving behind a nucleus of Au-196. Au-196 is an unstable
isotope with a half-life of six days and its decay to Pt-196
is easily measured. Hence, by measuring the number
of decays in the sample and convolving with the cross-
section for the reaction one can deduce the number of
gamma rays between 12 and 16 MeV which must emitted
from the plasma. Furthermore, since the primary mech-
anism for gamma production is through the bremsstrah-
lung emission of energetic electrons travelling through
the solid target, one can infer the total number of elec-
trons in the target with energies exceeding 12 MeV (since
a single gamma ray of say 12 MeV can be produced by
an electron with any energy greater than or equal to 12
MeV). Using this technique we have measured a conver-
sion of several percent of the incident laser energy into
relativistic multi-MeV electrons.

Recently we have used a similar method to measure the
number and energy distribution of protons emitted from
the target. This was done by placing a stack of 75/am thick
titanium foils behind the target. Protons having a minimum
threshold energy of 4.8 MeV are able to induce (proton,
neutron) reactions in atoms of Ti-48, converting the nuclei
to V-48. Each foil in the stack acts both as a detector and
as an energy degrader. For instance, a proton which pen-
etrates the first 75 ~m thick foil will lose a certain fraction
of its initial energy in doing so (through multiple inelastic
collisions with atoms in the foil). To induce a reaction of
the type (proton, neutron) in the second foil the incident
proton must still have a remaining kinetic energy of at least
4.8 MeV. The rate of energy loss is well-known and so we
can calculate that to activate an atom in the second layer
the proton would need to possess an initial energy of at
least 6.4 MeV. Likewise, protons detected in further layers
correspond to higher energies. This enables us to extract
the energy distribution of the protons. These and other on-
going experiments are performed to help improve our basic
understanding of the physics governing ultra-intense laser-
plasma interactions.
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Laser Astrophysics

Jave Kane, Bruce Remington, Principal Investigators, LLNL
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The field of astrophysics contains spectacular displays
of plasma physics. An impressive example is the recent
supernova (SN) of 1987 in the Large Magellanic Cloud
(SNI987A), a nearby galaxy at a distance of -50 kpc.
Hydrodynamic instabilities such as the Rayleigh-Taylor
(RT) instability allowed the Ni-Co core to rapidly pen-
etrate out to the surface, as illustrated in Fig. 1 from
results of a two-dimensional (2D) simulation by Muller,
Fryxell, and Arnett (Ref. 1). Fingers of denser He, 
and O (yellow) penetrate radially outwards through the
surrounding lower density H envelope, while bubbles
of the lower density H (dark blue-black) "rise" radially
inward into the higher density core. Experiments on
the Nova laser (Ref. 2) at Lawrence Livermore National
Laboratory (LLNL) are being developed to examine the
differences between RT growth in 2D (Ref. 3,4) versus
3D (Ref. 5) to address the limitation that supernovae
are 3D, whereas exploding star simulations can only be
done in 2D.

Simulation of Core Mixing: Density distribution at a
time of 3.6 hr. after the supernova explosion from a 2D
simulation of the hydrodynamic mixing of SN 1987A.
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MATTER UNDER EXTREME CONDITIONS

Laser Astrophysics

The Center for Laboratory Astrophysics in ILSA is
using the Omega laser at the University of Rochester to
study hydrodynamics (the flow of gases or fluids) in super-
novae (SNe). Supernovae, the explosion of massive stars,
shape the evolution and chemical composition of our galaxy,
solar system, and Earth. However, puzzling observations
of radioactive material ejected from the famous SN 1987A
suggest that large-scale hydrodynamic mixing of the star’s
material occurred during that explosion. Hydrodynamic
mixing is similar in SNe and in laser fusion experiments to
be done at the National Ignition Facility at LLNL, making
SN experiments of interest to both LLNL workers and uni-
versity astrophysicists.

Supernova explosion. Schematic of shock expanding through
structure of initial star Hydrodynamic mixing in computer
simulation of SN 1987A using PROMETHEUS code.

At left panel, the initial star has several layers of material:
a very dense iron core (Fe), a less dense oxygen layer (O), a still
less dense Helium layer (He), and a tenuous hydrogen envelope
(H). In the explosion, a strong shock emerges from the core and
expands outward through the star. Because the shock front is
distorted by the misshapen core and by dense clumps in the O
layer, it oscillates and can trigger hydrodynamic mixing as it
crosses the O-He and He-H interfaces. The right panel shows
such mixing, from a computer simulation of SN 1987A using
the astrophysics code. At the O-He interface, ’spikes’ of dense
O penetrate well into the He layer, while ’bubbles’ of the lighter
He move into the O layer. Similar, spikes of He and bubbles of
H appear at the He-H interthce.

Data and computer simulation using CALE code of an astro-
physical hydrodynamics experiment at the Omega laser. Long
fingers of dense Cu penetrate a less dense plastic layel, while
shorter fingers of plastic penetrate a low-density foam layer.

This figure shows results of the laser experiment at
Omega. The left panel shows an x-ray photograph of the
target after it was hit by the laser beams. The right panel
shows a computer simulation of the experiment using the
LLNL Code CALE. The target has three layers of mate-
rial: dense copper (Cu), less dense plastic, and low-density
foam. A beryllium shock tube (Be) encloses the target; it 
transparent in the data but is shown in the simulation. The
laser beams heat the Cu, sending a strong shock through
the target from top to bottom in the data. The shock turns
the target into hot star-like plasma and triggers hydrody-
namic mixing at the copper-plastic and plastic-foam inter-
faces. The long dark fingers are spikes of Cu penetrating
the plastic; the short gray fingers are spikes of plastic pen-
etrating the foam. The plastic spikes line up with the plas-
tic bubbles at the Cu-plastic interface and not with the Cu
spikes. This happens by design because the shock crosses
a carefully machined ripple at the Cu-plastic interface,
making it oscillate once before hitting the plastic-foam
interface where it imprints an ’inverted’ ripple. The data
produced clear evidence that an oscillating shock was pres-
ent and that such shocks can produce significant hydrody-
namic mixing in multiple-layer plasmas, a result of interes’
to fusion and SN researchers.
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The development of a set of stable implosions using indi-
rectly driven plastic microspheres with argon (01.atm)
doped deuterium (50 atm) has provided a unique test bed
for testing the plasma spectroscopy of the high energy
density imploded core. The core reaches electron densities
of > 10-’~ cm3 with temperatures of - 1 keV and has been
shown to be reproducible on a shot to shot basis. More-
over, we have shown that not only the peak temperature
and density are consistent, but that the temporal evolution
of the mean temperature and density of the final phase of
the implosion is also reproducible. Therefore these implod-
ing cores provide a unique opportunity to test aspects of
plasma spectroscopy that are difficult to study in other
plasmas. The ionization depression, the possible shift of
energy levels, and the shape of the spectral features can all
be studied. We will report on these investigations.
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The streak camera image of the emission from a Au hohl-
raum. The time increase upward and the spectra are
dispersed in the horizontal direction. Note that the Ar
emission occurs at a distinct time from the Au emission.

Recent Publications

L. Godbert-Mouret, T. Meftah, A. Calisti, R. Stamm. B. "latin, M. Gigosos, V. Cardenoso, S. Alexiou, R.W. Lee, and L. Klein, Accuracy of Stark

Broadening Calculations for Ionic Emitters. Phys. Rev. Lett, 81, 5568 (1998).

N.C. Woolsey, B.A. Hammel, C.J. Keane. C.A. Back, J.C. Moreno, J.K. Nash. A. Calisti, C. Mose. R. Stamm. t3. Talin, A. Asfaw. L.S. Klein. and

R.W. Lee, Competing Effects of Collisional Ionization and Radiative Cooling in brertiully Confined Plasmas, Phys. Rev, E, 57, 4650 ( 1998l.

N.C. Woolsey, B.A. Hammel, C.J. Keane, A. Asfaw, C.A. Back, J.C. Moreno. J.K. Nash. A. Calisti. C. Mos,¢c, 1{. Stamm, B. Talin. L. Klein. and R.W.

Lee, Evolution of Electron Temperature and Electron Density in lmlirectly Driven Spherical Implosions, l-~hys. Rev. E, 56, 2314 (.l!)97).

N.C. Woolsey, B.A. Hammel. C.J. Keane, C.A. Back. J.C. Moreno. J.K. Nash. A. Calisti, C. Mosse. L. Godbert. R. Stature, B. Talin, C.F. Hooper, A.

Asfaw, L.S. Klein, and R.W. Lee. Spectroscopic Line Shape Measurement.~" at High Densities..IQSRT, 58,975 (t997).

N.C. Woolsey, A. Asfaw, K.B. Hammel, C. Kcane. C.A. Back, A. Calisti. C. Mo.sse, R. Stature, B. Talin. J.S. Wark, R.W. Lee. and I... Klein,

Spectroscopy of Compressed High Energy Density Matter. Phys. Rev E 53. 6396 ( 1996L

Affiliated Institutes

Department of Physics and Astronomy, Howard University, Washington, DC 20059. USA: Institute of Laser Engineer-
ing, Osaka University 2-6 Yamada-oka, Suita. Osaka, 565-0871, Japan; Department of Physics, University of Nevada
Reno, NV 89557, USA; Department of Physics, York University, York, England: PIIM, CNRS UMR 6633, Universit6 de
Provence, Centre St. Jfr6me, Case232 13397 Marseille cedex 20, France

Institute for Laser Science and Applications Report 2000 -~



I
MATTER UNDER EXTREME CONDITIONS

High Energy Density Plasmas

In addition to the plasma spectroscopic
observations it has been noted that there is
the potential to go beyond the measurement
of mean temperature and density measure-
ment as a function of time, extending the
techniques to a time dependent measure of
the ~adient in the emitting core. To achieve
this one needs to work on the development
of three aspects of the problem. First, we
need to design and field a spectrometer that
is capable of providing time resolved mono-
chromatic images with spatial resolution.
There are two unique solutions to this instru-
ment development; one has a slit assembly
on the target imaged with a crystal onto a
streak camera, and the other is based on mul-
tiple crystals focusing images onto a gated
MCP. Second, we need to develop an algo-
rithmic approach in order to extract from
the monochromatic images information on
the temperature and density gradients. The-
difficulty resides in the fact that the images
are directly related to the emissivity of the
core not to the plasma parameters. To unfold
the relationship we rely on the guidance of
hydrodynamic simulations that have been
coupled to radiation transport calculations
and self consistently solved with the kinet-
ics equations for the level populations of the
argon ions. These calculations together with
the hydrodynamics model provide the neces-
sary information to develop the data reduc-
tion algorithms. Third, we need to ensure that
the gradients are consistent with the observed
spectra and for this purpose we required
detailed line shape calculations. These cal-
culations must include the standard effects of
q.~asi-static ion and impact electrons broad-
ening the bound-bound transitions of inter-
est. However, these calculations must also
be capable of bracketing the residual effects
due to dynamic ions, quasi-static electrons,
and effects due to double excited states.
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We study dynamics of materials on the fundamental time-
scale of the vibrational period of atoms in a solid. Experiments
involve the excitation of a solid by an ultrashort pulse laser,
followed by a probe of x-ray radiation that is scattered or dif-
fracted by atoms in the solid. The pattern of the scattered x-ray
light and the absorption of x-ray radiation changes as materials
change structure.

Our laser produces a 100 femtosecond duration pulse. Probe
x-rays are produced at the Advanced Light Source Synchrotron
at Lawrence Berkeley National Laboratory. Temporal resolu-
tion is determined by a novel high-speed x-ray detector, a streak
camera that records changes on a picosecond time scale.

Experiments range from fundamental studies of non-equilib-
rium states of materials, to the measurement of properties of
warm-dense-matter. We are particularly interested in the phys-
ics of matter that is too warm for conventional solid state physics
models, and too cold for conventional plasma physics models.

Roger Falcone (professor), Aaron Lindenberg (grad
student), Steve Johnson (grad student), Inuk Kang
(postdoc), Phil Heimann (LBNL Scientist).
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MATTER UNDER EXTREME CONDITIONS

X-ray Studies of Laser Warmed Solids

Developments in time-resolved x-ray diffraction have
led to the capability of directly observing structural phase
transitions, the motion of complex molecules, and biologi-
cal and chemical reactions, on picosecond time scales. We
have recently observed x-ray diffraction from laser-induced
coherent acoustic phonons at frequencies up to 0.1 THz.
The results are in agreement with simulations based on
dynamical diffraction theory, and consistent with an inter-
pretation based on the excitation of coherent phonon states
by a short pulse of laser light. For sufficiently high laser
fluences, we observe a reversible, optically induced phase
transition which develops on a time scale equal to one-half
of a phonon period. We conclude that the approach to dis-
order (laser induced melting) is through the excitation 
large-amplitude, coherent lattice motion.

The experimental setup includes a bending magnet
beam line at the Advanced Light Source synchrotron, which
produces light in a broad spectrum up to photon energies of
15 keV. A Si (111) monochromator crystal selects a single
wavelength of 2.4/~. The diffracted beam is then directed
onto an InSb crystal. We use a titanium-sapphire-based,
150 fs, 1 kHz, 800 nm laser, synchronized to individual
electron bunches within the synchrotron ring with jitter less
than 5 ps. The laser is also incident on the InSb crystal and
overlapped in both space and time with a single x-ray pulse.
The time-resolved x-ray diffracted intensity following laser
excitation is measured using the streak camera detector trig-
gered by a GaAs photoconductive switch. A CCD camera
records the x-ray streak projected onto a phosphor screen.
The resulting temporal resolution of the camera is 3 ps.

The time history of the diffracted signal following
laser excitation is measured at once. Coherent phonons are
manifested as oscillatory signals in time-resolved x-ray dif-
fraction, as shown below.

Impulsive excitation of a solid on a time scale shorter
than the material’s hydrodynamic response time generates
coherent acoustic phonons across a range of wave vectors
near the Brillouin zone center and peaked at a wave vector
of order one inverse laser penetration depth. A phonon of
wave vector q induces an extra time-dependent periodic-
ity to the lattice. This gives rise to sidebands centered on
the Bragg peak. In our experiment, since the phonons are
coherently excited, the sidebands oscillate at the phonon
frequency and we resolve this coherent time-dependent
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Time history of the diffracted signal following laser
excitation.

atomic motion At these relatively low fluences, impulsive
excitation of the solid induces small-amplitude, coherent
atomic motion about equilibrium lattice positions.

Above a critical laser fluence of 13 mJ/cm2, the lattice
no longer coherently oscillates about this equilibrium value,
but instead is driven into a disordered state. This occurs on a
time scale set by one-half ofa phonon period, at which point
the average atomic displacement is maximum for a given
mode, in analogy with the Lindemann criterion. Since the
diffracted x-ray intensity does not oscillate, this is indicative
of a state for which atomic motion with long-range coher-
ence does not exist. Loss of coherence on fast time scales
is an indication of disorder on fast time scales. Since an
observed 3 ps drop in the diffracted intensity occurs faster
than the thermal coupling time, we conclude that the first
step in the observed laser-induced disordering transition at
high laser fluence is the initial excitation of hot carriers
which subsequently drive large-amplitude, coherent vibra-
tional motion, a transition essentially nonthermal in nature.

In conclusion, we have shown that time-resolved x-ray
diffraction is a useful tool in phonon "~ectroscopy and a sensi-
tive probe of electron-phonon cot, ,ling strengths. For low laser
fluences we measure oscillations in the x-ray diffraction effi-
ciency corresponding to coherent phonons at frequencies up
to 0.1 THz. At higher fluences a reversible phase transition has
been observed, driven by large amplitude, correlated atomic
motion, the first step in the approach towards disorder.
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Our research program is involved with new
lasers and optical devices that are based
on waveguide technology. Such devices,
which include waveguide lasers and ampli-
fiers, Bragg gratings, and nonlinear optical
switches, have applications in the communi-
cations, sensor and laser industry. For certain
applications waveguide structures may be
preferred over fibers because of their com-
pactness and the ability to integrate different
optical components such as splitters, cou-
plers and laser amplifiers or signal sources
on a single substrate.

We are working on rare-earth doped phos-
phate glasses, in which channel waveguides
are fabricated using photolithography and
electric-field assisted Ag ion diffusion. We
have demonstrated a diode-pumped Nd-phos-
phate channel waveguide laser and are cur-
rently studying other lasant ions such as Yb.

We are also investigating the possible fabrication of other optical elements
such as Bragg gratings or electro-optic modulators in these new waveguide
materials. Our objective is to integrate these different functionalities into
novel optical laser devices.

Integrated Waveguide Device

......... [ ............. Bragg gratings

,- - Laser material

...... Phosphate glass

Frequency doubler

Our integrated waveguide devices consist of laser material -- rare earth-
doped phosphate glasses, Bragg gratings as cavity mirrors, and frequency
doubler via thermal poling
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Fabrication and Characterization of Optical Waveguides in Nd3~ and Yb3+ Phosphate
Glasses for Applications in Waveguide Lasers.

Nd3+: Phosphate Glass Waveguide
Laser

Fabrication of optical waveguides by ion
exchange or ion diffusion in glasses is a
mature technology [1-3]. A common method,
employed in our experiments, is electric field
assisted solid film diffusion, schematically
shown in Figure 2.

The substrates used for our experiments
were phosphate glasses obtained from Schott
Glass Technologies, Inc. The glasses, des-
ignated IOG-1 (Integrated Optic Glass;1 for
phosphate), were specifically designed for the
ion exchange/diffusion process. The compo-
sition of the glass is devoid of refining agents
typically added to optical glass to remove
bubbles and to increase the durability of the
glass. These refining agents are believed
to be responsible for a redox interaction in
which electrons are donated to Ag÷ ions, thus
reducing them to metallic Ag colloids. These
metal clusters serve as loss centers, increas-
ing the loss of the waveguide by scattering
and/or absorbing the guiding beam.

Systematic experiments were con-
ducted to understand the process param-
eters of fabricating waveguides in Nd-’+

and Yb3÷ doped phosphate (lOG-l) glasses.
The impact of the diffusion time, temper-
ature, applied voltage, and post process
annealing are reported [4, 5]. Planar wave-
guides were characterized by the prism
coupling technique and the graded ret’rac-
rive index profile of our waveguides was
best characterized by a gaussian.

Channel waveguides were fabricated
with standard photolithography methods
See Figures 2 and 3). The smallest wave-
guide had cross-sectional dimensions of-
28 x 9 ~m". Laser performance of the Nd:~

phosphate glass channel waveguides was
studied tbr various size channels and for
three different output coupler reflectivi-
ties. The resonator was set up in a Fabry-
Perot configuration and loss values at the
laser wavelength (1053 nm) were c:dculated

I. Stripes pfAg are created by a photolithographic process

A1 layer with

Ag "stripes"

II. Electric field assisted Ag÷ diffusion to form channel waveguides

Furnace temperature 250 - 350 C

~I Graded region

Figure 2. Schematic diagram of waveguide fabrication process.

Figure 3. Channel waveguide in a Nd:doped phosphate glass. The wave-
guide is made by ion exchange and made visible by scattering of a He-Ne
laser propagating through the channel.

based on measured slope efficiencies. The best laser pertbrmance was
achieved in a channel waveguide with dimensions of - 50 x 9 ~m-’, with
an incident pump power threshold of 44 mW and a slope efficiency
of 15% with respect to incident pump power. Losses as low as 0.2
dB/cm were determined from slope efficiency measurements in sev-
eral size channels lasing for three different output cottpler reflectivi-
ties (67%, 82%, 97%) [61.
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While Nd3÷ has been studied extensively over the years
as a laser ion, Yb3÷ has only recently been utilized. The main
emission bands are approximately the same (~ 1050 nm for
Nd3+ and - 1000 nm for Yb3*); however, the laser dynamics are
quite different (4-level for Nd3÷ and quasi 3-level for yb3*).

Yb3+: Phosphate Glass Spectroscopy

The Yb3÷ ion has gained in prominence as a laser ion
since the availability of diode laser pump sources, which
allow direct pumping of the absorption band (- 900-975 rim).
The electronic structure of Yb3÷ is composed of only two
manifolds in the 4f shell. With the 2F5~2 and ~Tn manifolds
separated by - 10,000 cm-1, the absorption and emission fea-
tures near 1 mm overlap to a large degree. The measure-
ment of the spectroscopic parameters is impacted by reab-
sorption processes and is further enhanced by radiation trap-
ping effects. Radiation trapping is dependent on the sample
size and geometry, whereby a fraction of the emitted radia-
tion from Yb3* ions is reflected back into the sample by total
internal reflection at the substrate to air interface, upon which
the cycle of emission and absorption starts again.

A process to isolate these effects and to measure
intrinsic fluorescence lifetimes, absorption and emission
cross-sections of Yb3÷ doped phosphate, silicate, and silica
glasses was described. Laser performance modeling of
channel waveguides was also presented, where the quasi-
three level laser dynamics of Yb-’÷ were included. The
modeling showed that in order to overcome the losses (-
5%/cm) for the waveguides and the reabsorption losses
at the laser wavelength, small feature sizes for the chan-
nel waveguides were very important. Combined with the

inherent losses in the substrate, insertion losses also
were important. Coupling the pump beam into the
asymmetric waveguide was not ideal for our experi-
ments and could possibly have benefited from the addi-
tion of an extra lens to provide more flexibility in the
matching the pump mode to the waveguide mode. Also
important in these experiments is the optomechanical
design of the mounts, which must provide for submicron
precision and mechanical stability to mitigate
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The aim of this research program is to study the
photo-physical processes associated with exces-
sive light absorption by an optical material lead-
ing to irreversible catastrophic processes. Major
part of this effort is devoted to KDP crystals and
fused silica, the key optical materials for NIF. The
fundamental mechanisms for the coupling of laser
energy into the host material leading to damage
as well as subsequent to laser damage leading to
damage growth are questions of great importance
for both technological applications and basic sci-
ence. Various spectroscopic tools are employed
in this study. Fluorescence microscopy is used
to image material defects. Micro-Raman pro-
vides a way to study material modifications. Time
resolved and pump-and-probe spectroscopy pro-
vides the means to study the dynamics of the dam-
age-related process. Finally, theoretical modeling
is used to complement the experimental work and
better understand material defects. Imaging CCD camera for optical laser damage photo
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Optical Laser Damage

Although the problem of laser induced damage has
existed since the invention of the laser, the initiation mech-
anism and its evolution still largely defies a fundamental
understanding despite more than three decades of research.
While the damage thresholds in optical materials have
improved over time, primarily in response to better filtra-
tion of growth solutions, purer raw materials, and improve-
ment in the polishing and growth processes, they are still far
below what is expected from their band structure. Exposure
of a transparent optical material to an intense laser pulse at
optical wavelengths can lead to energy deposition only if the
interaction first transforms this material into an absorber.
Early attempts to understand the intrinsic absorption of
energy by nominally transparent solids from an intense laser
pulse adopted the electron avalanche model. This primary
process involves the generation of free charge carriers (i.e.,
electrons in the conduction band) [1-5]. These free charge
carriers can be efficient at absorbing photons and via colli-
sions with phonons, they can transfer their energy into the
crystal lattice.

Point defects or defect clusters at which absorption of
light can occur at wavelengths longer than the fundamental
absorption edge can provide the initiation mechanism for
the cascade processes leading to plasma formation [3,4].
Nonabsorbing defects such as cracks and voids cause dielec-
tric discontinuities that enhance the local electric field of an
optical wave and/or serve as positive or negative lenses for
the incident laser light and thus, initiating the mechanism
leading to damage at lower average fluences [1,6]. Finally.
foreign particles or nonstoicheiomenthic materials that may
be incorporated in the bulk of the material during growth
or into its surface during polishing must be avoided because
they may initiate excessive absorption of laser light that can
lead to damage.

The overall research strategy for this project is the
following:

I) Pertbrm a time-resolved tudy of plasma formation with
picosecond time resolution. Time resolved spectroscopy
will allow the investigation of the spectral character-
istics of the light emitted during damage and provide
intbrmation regarding the starting time of plasma for-
mation and its evolution under 355 am, 3 ns high-power
laser irradiation with time resolution that will reflect
10-am spatial resolution during plasma expansion.

We will also obtain information regarding how fast
plasma expands, its temperatt, re and density, and its
dynamic behavior. The comparative study of plasma for-

mation in the bulk of a crystal (KDP and/or DKDP)
as well as at the surface of the same material in
air and in vacuum and its comparison with plasma
formation, a spectroscopic investigation of plasma
emission as a function of the irradiation (damage
pulse) wavelength will provide key information to
understand the underlying physics of laser damage.

2) Investigation of the wavelength dependence of
damage threshold in NIF optical materials.

Information on the damage-correlated absorption
spectra of the material will provide important infor-
mation on the electronic processes leading to laser
induced damage. If damage is initiated by a nanopar-
ticle, the peak temperature grows as the square of
particle size in wavelength units (a/X) implying 
similar behavior of the damage threshold [6]. In
addition, models for the wavelength dependence of
the threshold for breakdown by avalanche ioniza-
tion and multiphoton ionization exist in the liter-
ature and may be used in our investigation [1,3].
On the other hand, the measurements of the wave-
length dependence of plasma (damage) initiation
can reveal the absorption spectrum of the respon-
sible contaminants.

3) Spectroscopic detection and characterization of
crystalline band-zone electronic defect structures
as a possible plasma initiation mechanism and/or
consequence to plasma lbrmation.

Laser interaction with optically active defect for-
mations prior and following high power laser irra-
diation and/or plasma formation can be responsi-
ble for damage initiation or damage growth. Opti-
cally active electronic defect clusters were imaged
for the first time in the bulk of a dielectricmate-
rial in KDP crystals. The experiments were car-
ried out using a specially designed fluorescence
microscope having spatial resolution of 1 pm. The
experimental results show that the concentration
of these clusters is 10~-10~ per mm-~. depending on
the crystal growth method, speed of growth and
crystal sector. It was also observed that under sub-
damage threshold laser irradiation the cluster con-
centration decreases logarithmically with respect
to the number of pulses while they remain unaf-
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fected under thermal conditioning. Spectroscopic
analysis of the defect clusters has been carried out
showing similarity with defect formations result-
ing from localized laser induced damage. To
test the correlation of preexisting defect forma-
tions to damage initiation, we have built an in-
situ damage testing micro-spectroscopy imaging
system which can obtain light scattering, fluores-
cence and plasma images of the same site with
incorporated capability to measure the emission
spectra of features of interest (see figure). Defect
formations are also studied using various opti-
cal spectroscopy methods as well as with EPR
spectroscopy.

We have also developed capabilities for theoreti-
cal modeling of electronic states of defect formations
through our University collaboration.

We plan to expand this investigation to other mate-
rials such as laser crystals and alkali halides.
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We report the first experimental integration of a rotary scan-
ning micromirror into a compact rapid scanning optical delay
line. The delay line is a special case of femtosecond pulse
shaping. Introduction of a micromirror has allowed for the
delay line to be geometrically minimized to a compact opti-
cal length of 5.3 cm, - 4 to 5 times smaller than pulse shapers
used today in common practice. A 40 ps delay range, a linear
delay of 1.2 cm in air, is demonstrated at a scanning rate of
12.7 m/s with 25 nm full bandwidth pulses. The pulse width
is maintained very closely to the 100 fs pulsed laser source.
Scaling laws establish how compact a scanner can be made
for Optical Coherence Tomography applications.

Graduate student Kimberlv T. Cornett

Recent Publications

K.T. Cornctt, P.M Hagelin, J.E Heritage, O. Solgaard, and M. Everett, Miniature Variable Optical Dehty Using Silic¢m Micmmachined Scanning

Mirrors. CLEO 2000, San Francisco. CA. 383 {2000).

K.T. C~rnett, J.R Heritage, and O. Sulgaard, Cmttpact Optical Dehtv Line Based tm Scanning Surj~tce Micromachined P~dvsilicon Mirrors. 2(100

IEEE/I,EOS Internati~mal Conference ~m Optical MEMS, Kauai. HI, 15 121)00).

Affiliated Institutes

UC Davis: Berkeley Sensors and Actuators Center (BSAC)at UC Berkeley: Lawrence l.ivermore National Laboratory:
Stantbrd University

Institute for Laser Science and Applications Report 2000 J 49



i
LASER SCIENCE AND DEVELOPMENT

Silicon Micromachined Scanner for OCT

Introduction

Optical Coherence Tomography (OCT) is a cross-
sectional optical technique for high-resolution clinical
imaging of microstructure in biological systems [1]. OCT
performs spatially localized imaging by combining coher-
ent signal acquisition and joint time frequency analysis
of wide-band near IR radiation in a white light interfer-
ometer. The technique requires a rapid (- 1-2 kHz) scan-
ning optical delay (RSOD) in order to construct images
at 4-8 Hz [2]. Quasi-real time OCT imaging with a delay
line of -3mm [3] has been demonstrated using scanners
based on technology originally developed for femtosec-
ond optical pulse diagnostics [2], [4]. We report the
development of compact RSOD scanners that use, for the
first time, silicon micromachined scanning mirrors. The
use of dynamic micro-optical components lends itself to
compact geometry systems and allows for lower scan-
ning vibration and higher overall speed. We investigate
the design trades-off of a RSOD optimized for the strin-
gent requirements of OCT, namely, large optical band-
width and long linearly scanned delay range.

The core of the system is the tilt-up scanning micro-
mirror, shown in Figure 1. In 1993, work on tilt-up
micromirrors by Kiang et al. [5,6] demonstrated the use
of resonant micromirrors for one-dimensional (l-D) bar-
code scanning. In-plane (not tilt-up) micromachined mir-
rors are already available commercially in display sys-
tems, first demonstrated by Texas Instruments in 1994
based on digital micromirror device (DMD) technology.
In the past few years, micromirrors continue to be com-
merically demonstrated with the introduction of all-opti-
cal switching technology. In February 1999, Bell Labs,
the research and development arm of Lucent Technolo-
gies, demonstrated the seesaw switch.

\
ii

\

¯ 5.3 cm )
Grating Rotary Scanning

Figure 1. Schematic of double pass rapid scanning opti-
cal delay line with a silicon micronlachined rotary scan-
n ing mirror.

Optical microelectromechanical systems (MEMS), also
referred to as MOEMS, are fabricated by bulk and surface
micromachining, a fabrication process based on silicon inte-
grated circuit (IC) technology. MOEMS are positioned at the
intersection of micromechanics, microoptics, and microelec-
tronics. Evident by this junction, optical MEMS are another
stage of the silicon revolution [7]. The beginning of the sil-
icon revolution is marked by the demonstration of the first
integrated circuit (IC) in 1958 by Jack Kilby of Texas Instru-
ments and Robert Noyce of Fairchild Semiconductor Corpo-
ration. Between 1970 and 1980 bulk micromachining was
developed as an extension of IC technology for fabrication of
three-dimensional (3-D) structures [8]. MEMS fabrication
technology integrates optical components on-chip with mov-
able structures, microactuators, and microelectronics. Uti-
lizing semiconductor fabrication technology, IC-compatible
microfabrication of optical MEMS satisfies a demand for low-
cost mass-produced free-space optical systems that are com-
patible with standard silicon microelectronics.

Our scanning micromirror is integrated into a modified
Michelson interferometer (Figure 2), referred to as 
~aMichelson interferometer [9]. In an RSOD, the traditional
translating mirror of a Michelson interferometer is replaced
by a scanning mirror with a rotation angle of a few degrees.
The ~Michelson interferometer consists of a RSOD based on
scanning surface micromachined polysilicon mirrors. The
RSOD, which is based on femtosecond pulse shaping technol-
ogy [4], was developed to overcome the speed limitations of
traditional approaches

Adjustable optical delay lines are important functional
elements in ultrafast optical science and interferometry. Ultra-
fast optical time resolved measurements are performed using
pairs of interfering laser pulses; a probe pulse propagating

Rapid Scanning Optical Delay Line

with Silicon Micromirror

I.ight ~ ...

Reference

Arm Mim)r
S, CCOlltl Harlnonic

(ict~cratiotl zuld I)ctccli~m

Fi,~,ure 2. Scheulcltic & cq~tical dehlv line in a pMichelson
interj’erometer c’on[i,~ttr6ttiott.
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along a variable-length path, and a reference pulse propagat-
ing along a fixed-length path. A commonly used method for
creating variable optical time delays involves mechanically
moving a retro-reflecting mirror along the pulse propaga-
tion direction using a lateral translation stage. This method
offers excellent accuracy when precision lead screws are
employed. However, scans are inherently slow owing to
substantial mechanical inertia. OCT requires scan rates
exceeding 1 kHz [10].

System design

Our RSOD is based on our surface micromachined
tilt-up mirror (Figure 1). The polysilicon mirroris connected
to a supporting frame with torsional polysilicon beams and
is dynamically driven by an electrostatic comb-drive actua-
tor. The rectangular mirror face is 760 pm by 500 ~m, with
a resonant frequency of 1060 Hz and a measured range of
deflection of 16 degrees optical. The challenges of introduc-
ing a micromachined scanning mirror into the delay line
include the static buckling of the mirror face due to stress
gradients in the fabrication process [11,12] as well as surface
roughness and dynamic deformation of the mirror while
scanning [13]. The residual stress gradients give our micro-
mirror a measured convex radius of curvature of 34 cm.
Figures 3 and 4 show the frequency and deflection char-
acteristics of the micromirror. These electrostatic mirrors
have been demonstrated in a 2D raster scanning system [14]
and most recently in a scalable fiber-optic switch [15].

The final challenge is the scaling of bulk systems to
include and maximize for the introduction of micro-optical
components. The resolution of our system on the micro-
mirror is defined by the ratio of the spectral spread to the
spot size of one spectral frequency. Therefore, we designed
for the largest reasonable spot size of our input beam at
the grating, subject to the constraint that the beam radius

must be small enough to allow adequate translation motion
across the lens. This is accomplished by defining our input
Rayleigh range to be 10 times the focal length of our ach-
romatic lens. By this conservative rule of thumb, we still
attain a tight 23 mm spot size at the focal plane of the lens.
Once this is established we decide upon the grating groove
spacing, d. The ~ating spectral dispersion then dictates the
minimum dimension of the scanning mirror face, Ax. Our
system inputs a 835 nm central wavelength with 25 nm total
bandwidth from a modelocked Ti:sapphire laser. With the
use of a micromirror, the RSOD has an optical length of 5.3
cm, - 4 to 5 times smaller than pulse shapers used today
in common practice. The 600 lines/mm grating and 2.54
cm focal length (f/2 achromatic) contribute to the compact
size. Experimentally, the spectral spread slightly overfills
the mirror face. Spectral narrowing contributes a broaden-
ing of about 25%, in addition to the residual uncompen-
sated phase of the pulse.

The grating dispersion is defined by A0/~ = m/(d
cos0d), where A0 is the dispersion spread, ~ is the full
spectral bandwidth, m is the diffraction order (or spectral
order), and 0a is the diffraction angle. The spatial extent of
the spectral spread is then Ax = f tanA0, where fis the focal
length of the lens. We define a usable lateral motion across
the lens as D~ = a*Ax, where a=f tan(28) is the motion 
the beam center, Dl is 70% of the diameter of the lens, and
8 is the mechanical angle of the mirror. With all the scaling
guidelines met, the time delay is given by:

tdelay = Z~--.pad, ] c = 2(2 I &oa) / (cdcos(ga)
where k0 is the central wavelength. We collected a time
window of 40 psec, while maintaining the pulsewidth
on the same order as the 100 fsec pulsed laser source
shown in Figures 5 and 6. Residual broadening and
asymmetry are a result of modest spectral clipping, noted
above, as well as mild mirror imperfections including
apparent third order ("S" shape) curvature of the mirror.
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Figure 6. Precision cross-correlation measurement.

Successful integration of scanning micromirrors into
the pMichelson interferometer configuration demonstrates
the potential of MEMS technology for the creation of hand-
held portable optical devices. With the added benefits of
microdevices, including speed and reduced vibration of
mechanical components, the potential is also evident for
use of this configuration in systems such as Optical Coher-
ence Tomography (OCT) and Fourier transform infrared
spectroscopy (FTIR).
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This research project represents an effort to develop novel
instrumentation to be employed in the continuous effort
to fight cancer. More specifically, this project involves
the development of endoscopic subsurface imaging tech-
nology that can be used as a minimally invasive early
cancer detection/screening and diagnostic tool. The images
obtained will be able to provide information of different
tissue structures on the surface and below the surface at
different depth zones. The utilization of this technology
can be incorporated into different types of existing endo-
scopes allowing for subsurface imaging inside the human
body. This imaging technology provides fast image acqui-
sition, involves no expensive equipment or expertise and
can be utilized in a doctor’s office or in the field.

The physical basis of this subsurface imaging method for
cancer detection originates in the differences in the inter-
action of light with cancer and normal tissue arising from
their differences in the cellular level (size of the cells,
density, cell makeup and biochemical composition). Two
main techniques are explored based on imaging using light
scattering and autofluorescence under laser excitation. The
images attained using the light scattering method represent
differences in absorption by blood or other chemical sub-
stance and scattering due to the presence of different types
of tissue at different depths. Photon discrimination meth-
ods using polarization and light scattering spectral filtering
followed by image processing allow tbr effective removal
of the image intbrmation of the outer layers of the tissue
and enhancement of the contrast and image quality of sub-
surface tissue structures. Biochemical fluorophores acti-
vated by laser excitation are used in the second method

for tissue imaging and characterization. As part of this
research effort, we have undertaken the task of building an
endoscopic system for subsurface imaging inside the human
body and test it in a clinically relevant environment. This
imaging system incorporated existing technology that has
been developed for medical endoscopes with the appropri-
ate modifications to accommodate the proposed subsurface
imaging technology. This "endoscope" type system will be
able to perform the measurements utilizing low cost off_
the-self components, will be user friendly requiring no
particular specialization nor exposure of the operator to
any harmful radiation and will be minimally invasive for
the patient. The possible applications will involve cancer
detection at early stages in the skin, bladder, lung, bron-
chus, uterus, cervix, G[ track, prostate and kidney. In
addition, this imaging technology may find application in
providing minimally invasive monitoring of the tumor’s
response to various stages of treatments and in assisting
during surgery by providing information on the depth of
penetration of the tumor.

Human and animal tissue samples are studied in order to
optimize and test the optical imaging modality’s ability to
address a number of clinical situati~’ns. This is achieved
using prototype instumentation th-’ has been built at LLNL
and used at the UC Davis Medical Center. The key param-
eters such as illumination wavelength and source, imaging
depth and resolution, ability to distinguish between normal
tissue and maligned or benign tumors in various body parts
are the toctts of our effort. The application of this technol-
ogy for the detection of cancer in bladder, colon, prostate
and kidney is our initial objective.
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Endoscopic Subsurface Optical Imaging for Cancer Detection

Introduction

The promise that optical techniques may offer new 2.
medical diagnostic tools has stimulated a great deal of
research over the past decade. Optical imaging and optical
biopsy are two of the research areas where rapid progress
has been achieved indicating that photonic technologies can 3.
be particularly suitable in a clinical environment. In the
field of optical imaging, there are a number of subsurface
imaging techniques such as optical coherence tomography
[1], linear and nonlinear emission and harmonic genera-
tion imaging [2,3], and confocal microscopy [4] which are 4.
currently under development for clinical evaluation. These
techniques provide high resolution images of subsurface
structures with the drawback that the imaging depth is very
small (i.e., 1 millimeter or less). This problem is caused 5.
the fact that the image arises from photons that have under-
gone no scattering until and after they reach their target.
As the imaging depth increases, the number of photons that
reach the specific depth without scattering decreases expo-
nentially. In order to provide larger imaging depths, other
techniques need to be explored.

Goal

The goal of this research effort is to develop an endo-
scopic subsurface optical imaging system that can offer deep
subsurface imaging of the order of 1-cm using the spectral
and polarization imaging technique (SPDI)5. The images
obtained using this subsurface imaging technique delineate
the differences in depolarized backscattering light between
different tissue types (e.g. normal and cancer tissues) aris-
ing from differences in the cellular level. These differences
include size and concentration of cells and light scattering
centers within and between cells, and their absorption prop-
erties. In addition, tissue autofluorescence is explored as a
secondary nethod tissue imaging for the detection of super-
ficial c",ncer lesions. This second methods aims in probing
differences in the biochemical constituents of cancer tissues
as a result of its different metabolism.

The SPDI technique

The SPDI technique is realized using the follow-
ing steps:

1. Illuminate the sample with different wavelengths (~.1.)~2)
in order to reach different mean penetration depths:

Record the perpendicular image for every illuminat-
ing wavelength in order to avoid the image information
from the surface;

Determine the times of exposure t(~. so that the image
information arising from the outer tissue layers for each
pair of wavelengths is normalized (nearly equal inten-
sity).

Subtract the perpendicular images obtained under dif-
ferent illuminating wavelengths to obtain a new image
containing structures underneath the surface.

Select the appropriate illuminating wavelengths to
effectively reach different "depth zones" inside the
tissue.

The improvement of the contrast in the images
obtained using the SPD imaging technique is the
result of the removal of a large segment of the image
information that is not relevant to the target. In
an ordinary imaging arrangement, photons that are
backscattered at the surface and just below the sur-
face dominate an image. The information regarding
an object located below the surface, which is trans-
ported by photons that have reached this depth, is
hidden in a strong "background" making its identi-
fication difficult. By recording only the cross polar-
ized image component in this imaging method, the
photons that are backscattered at the surface of the
host tissue (specular reflection) are rejected. In addi-
tion, subtraction of the two images obtained for dif-
ferent illumination wavelengths cancels out most of
the image information arising from photons that were
backscattered before reaching the depth where the
object of interest is located. This process enhances
the relative intensity of the image of objects located
below the surface of the host tissue.

As part of this effort, we have built appropriate
instrumentation to test, in a clinical environment, the
basic concepts for endoscopic imaging and cancer detec-
tion. A first prototype instrument has been built and is
currently used to collect data from human samples at
the UC Davis Medical Center while other designs are
under development. The experimental layout is shown in
the figure on page 55.
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Experimental layout prototype instrument.

o

To test the first concept (light scattering approach)
using this prototype instrumentation, a white light source
is used to illuminate the sample at different wavelengths
selected by optical filters and the two polarization image
components in the backscattering geometry are recorded.
The experimental results obtained using human tissue
samples will reveal differences between normal and can-
cerous tissue components and provide information on
the applicability of the subsurface imaging technique to
address the problem of early cancer detection.

Second Concept

The second concept we are examining involves imag-
ing of various tissue types using the near infrared emitted
light under red (633 nm) and green (532 nm) laser excitation.
The experiments are performed by incorporating polariza-
tion selection to enhance the volume of information. These
measurements are designed to reveal differences between
normal and cancerous tissue components by comparing the

intensity of the NIR emission images, the totally polar-
ized NIR emission images and the degree of polarization
of the emission images.

The experiments so far are extremely encouraging,
suggesting that all of the approaches that we are explor-
ing may be proven fruitful. More specifically, the polar-
ized light scattering method appears to be a promising
approach for surface as well as for subsurface imaging of
cancer lesions. In addition, experiments involving imag-
ing using tissue autofiuorescence under laser excitation
suggest that this method may also be proven useful for
cancer imaging. While the human tissue investigation is
in progress, we are developing at LLNL the endoscopes
that will incorporate, in a final stage, the most success-
ful approaches for cancer detection under investigation
using the prototype instrumentation.
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We are now building the "Mercury" laser system as the first in

a series of new generation diode-pumped solid-state lasers for
inertial fusion research. Mercury will be the first inte~ated dem-
onstration of scalable laser architecture compatible with numer-

ous advanced high energy density physics applications. The
laser design is predicated upon employing three technological
advances: efficient and reliable diodes operating at 900 nm, Ytter-
biumb-doped crystals that offer longer storage lifetimes than the
traditional Neodymium-doped materials, and active cooling with
near-sonic helium gas flow across the crystalline laser slabs for
rep-rated operation. The system layout incorporates an oscillator,
pre-amplifiers, and two power amplifiers. The gas-cooled power
amplifiers are four-passed in an angular multiplexing scheme. An
adaptive optic in the beamline will be. used to correct for wave-
front distortions incurred during amplification. We have com-
pleted an analysis of the laser system’s performance. For a nomi-
nal operating pump pulse width of 1 ms the predicted energy
output is over 100 J with an optical to optical efficiency of 24%.
Primary performance goals include 10% electrical efficiencies at
10 Hz with a 2-10 ns pulse len~mh and 1.047 um energy of I00 J.
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A.J. Bayramian. C. Bibeau. K.I. Schaffers, et. al.. Gain Saturati~,l Measurements of Ytterbium-doped Srs(POQ~~ Applied Opt:cs, 39. 982,
2000.
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Pr~Jc. q~f SPIE, High-Power Lasers in Energy Engineering, 3886.57. 2000.
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The Mercury Laser is the first step in integrating these
new approaches, and in producing new capabilities for
irradiating ICF targets. The primary performance goals
for the Mercury Laser are to build a 100 J laser with 10%
efficiency that operates at 10Hz-repetition rate.

Laser Architecture

Introduction

The ultimate goal of inertial confinement fusion (ICF)
is to build a power plant based on laser fusion. The top-level
requirements for the inertial fusion energy driver (IFE) driver
itself are:

¯ Efficiency, > 5 %
¯ Reliability, availability and maintainability,

>109 shots
¯ Cost, < $1.5 B
¯ Beam smoothness for direct drive, < 1% on-target

for < I nsec
¯ Wavelength, < 0.4 tam
The efficiency of the driver is important, since together

with the target gain and costs, it determines the recycled
power needed for the driver. The reliability and cost require-
ments follow from the need to produce commercially attrac-
tive electric power with a minimum 30-year plant lifetime.

Gas-cooled, diode-pumped, Yb:crystal lasers are envi-
sioned to be the next-generation ICF solid state laser system
producing high energy per pulse at modest rep-rates. The
diode-pumped solid state laser (DPSSL) approach builds 
the last two decades of solid state laser development but also
adds several imposing challenges -- repetition rate, reliabil-
ity, and cost. Innovative solutions tbr building ICF lasers with
high repetition rate and efficiency include:

¯ Trading the flashlamps for large, low-cost laser diode
arrays

¯ Using Yb:crystals tbr greater energy storage and
thermal conductivity than Nd:glass

° Employing near-sonic helium tbr cooling of the laser
slabs

The Mercury laser design (Figure 1) is predicated
upon employing three key technological advances: effi-
cient and reliable diodes operating at 900 nm, Yb-
doped crystals that offer 2-3x longer storage lifetimes
than the traditional Nd-doped materials, and active
cooling with near-sonic (Mach 0.1) helium gas flow
across the crystalline laser slabs for 10 Hz rep-rated
operation. The two gas-cooled power amplifiers are
four-passed in an angular multiplexing scheme. Adap-
tive optics will be used to correct for wavefront dis-
tortions incurred during amplification. Both amplifier
heads will be optically pumped from both sides. This
dual-ended, longitudinal pumping design allows for
more uniform pumping and thermal loading on the
crystals than traditional side pumping schemes.

end as-cooled
amplifier head

Injection and
reversor

Fly re 1. Mercury laser schematic.

We have begun fabricating and assembling the
hardware surrounding one of the amplifier heads. In
order to begin testing the pump delivery design and gas
flow dynamics in the amplifier, we will use surrogate
gain media (Nd:glass) in the amplifier head. Once the
Yb:S-FAP crystals are ready, we can easily switch the
surrogate slabs with the crystals. This approach will
allow us to test the key elements in parallel with our
efforts to develop adequately large crystals. We plan
to have one half of the system built by early next year.

Institute for Laser Science and Applications Report 2000



I
LASER SCIENCE AND DEVELOPMENT

Mercury: Next Generation Laser for High Energy Density

Power
(W)

3000

2500

2000

1500

1000

500

0
0.0

l15W
100 W peak/bar

peak/bar

i i i i i i i
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Shots (I0"8)
1.6

Figure 2. (a) 23-bar diode packages which operate at over 23 kW of peak power. (b) Lifetest data 
90Onto diode material under the Mercu~" conditions." 750 ps, 10 Hz operation. The power per bar
is noted on the plot.

Diodes

A critical technology for realizing inertial fusion
energy is in the cost and efficiency of laser diode arrays.
Existing diode technical performance specifications do
not currently meet the demanding requirements of IFE. In
addition, the manufacturing costs will have to be reduced
by approximately two orders of magnitude to make IFE

economically viable. Together with an industrial partner,
Coherent-Tutcore, we made significant progress on the
development of aluminum-free 900 nm laser diode bars.
We packaged, characterized and life-tested many arrays
of 900nm laser bars using this diode material as shown in
Figure 2.

Amplifier Head

Nozzle Channel Diffuser
section section section

Helium ~- ~ i ,; -- --"

- Met’,d ’, Sla \
vanes -Window \’ Edge cladding

Figure 3. (a) Actual vanes in assembly. (b) A schematic
cross-section through the amplifier head, showing the conl-
ing passages between vanes.

The Mercury laser amplifier head and gas cooled archi-
tecture has been designed in a modular and scalable fashion,
with the laser slabs mounted in an aerodynamic vane ele-
ment as depicted in Figure 3a. The vane elements are then

stacked in a manner that forms a cooling channel between
pairs of vanes, as depicted in Figure 3b. Gas flows over the
faces of the laser slabs, in the cooling channel, to remove
the waste heat generated during the lasing process [2,3].
The assembled slab and vane cassette is then inserted into
the amplifier head. Flow tests were perlbrmed and dem-
onstrated that high flow can be achieved without inducing
mechanical vibrations.

Crystal Growth

Significant progress has been made in understanding

the growth characteristics and detect chemistry of Yb:S-
FAP [Yb~*:Sr~(PO~) f] crystals. The Mercury laser requires
crystalline slabs of dimension 4 x 6 x 0.75 cm. The growth
of full size crystals has been a challenge due to a number of
detects, including: cloudiness, bubbles in the core or center

of the crystal, index of reflection variations, and cracking in
large diameter boules. An eftbrt is underway to eliminate
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Figure 4. (a) Crystal growth furnace (b) Yb:S-FAP co’stal.

all of these defects and determine a reproducible growth. In
working closely with Litton Airtron we have produced 1/3
size crystals that meet the Mercury specifications. We plan
to scale up to half size crystals and bond them together to
make full size crystal slabs for Mercury.

Summary

When completed Mercury will be the highest energy/
pulse diode-pumped laser ever built by an order of magni-
tude that offers the dimension of high repetition rate (-10
Hz). It will motivate the development of rep-rated targets

and diagnostic capabilities. In addition, a major objective
of the Mercury laser relates to establishing the readiness of
the Mercury DPSSL driver to proceed to the next stage and
beyond for fusion energy [1].
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During the reporting period we made excellent prog-
ress in establishing a functioning pump/probe x-ray beam-
line at the Advanced Light Source at Lawrence Berkeley
National Laboratory. The beamline includes a pulsed laser
system (1 mJ at 1 KI-Iz; 100 mJ at 10 Hz) that is syn-
chronized with x-ray (100 eV to 15 KeV) pulses from the
ALS synchrotron. Studies utilize the lasers to heat mate-
rials, and synchrotron x-ray pulses to probe the resulting
high-energy-density matter. We have implemented two
detector systems. One is an avalanche diode system, capa-
ble of single photon detection and allowing 50 ps tempo-
ral resolution due to the pulse length of the synchrotron
pulses. The second is an ultrafast streak camera system
with demonstrated resolution of < 1 ps single shot detec-
tion, or 2 ps resolution in an averaging mode. The beam-
line has an associated test chamber equipped with mono-
chromators and goniometers for precise angular align-
ment of samples for diffraction, absorption, and scatter-
ing studies.

Scientific Goals

Science on the beam-line has involved the study of
laser-heated materials using time-resolved x-ray diffrac-
tion and absorption. In particular, we have examined
systems including (1) ultrafast-laser-heated InSb crystals
and (2) laser-heated silicon thin films. We have mea-
sured time-resolved x-ray Bragg diffraction from the
laser illuminated materials, in an effort aimed at deter-
mining the mechanism of ultrafast laser induced melt-
ing and regrowth. We have also studied time-resolved
absorption edge changes in laser heated material, in

an effort to understand rapid structural and electronic
changes in warm condensed matter.

The effort involves one faculty member at UC Berkeley
(Falcone), two graduate students at UC Berkeley (Linden-
berg and Johnson), two post doctoral students at- UC Berke-
ley (Larsson and Kang), two scientists at LBNL (Heimann
and Padmore), two scientists at LLNL (Lee and Missalla),
and a professor at Oxford (Wark). Additional resources
have been obtained from DOE/DP, LBNL, and NSF for this
beamline.

Progress and Conclusions

The scientific efforts have resulted in two publications:
1) Larsson, et al, Opt. Lett. 2, 1012 (1997) which

describes the beamline and detectors;
2) Larsson, et al, Appl. Phys. A 66. 587 (1998),

an invited paper describing the measurement
of ultrafast structural changes using
time-resolved x-ray diffraction.

Several invited talks have been given on this work,
accepted contributed papers will be given at the QELS
Meeting and the APS Centennial Meeting Spring 1999, a
invited plenary talk on this work will be given at the Con-
terence on Laser Ablation Summer 1999. and an invited
talk on this work will be given at the Nonlinear Optics
Gordon Conference Summer 1999. Our effort has high
visibility in the synchrotron community. Related efforts
have now been established at the European Synchrotron
(ESRF) and at the Advanced Photon Source synchrotron
at Argonne National Lab t involving our group).
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Efforts so far have resulted in the important obser-
vation of coherent lattice excitation and ultimate disor-
dering and regrowth of laser heated solids. Currently we
are focusing our efforts on both theory (with collaborators
in H-division at LLNL) and experiments for the study of
warm condensed matter through measurement of opacity
changes in laser heated silicon and other thin films; our
data is challenging condensed matter theorists. Addition-

ally, we are examining the diffuse x-ray scattering from
warmed materials on the I00 fs, ultrafast timescale, in an
attempted to separate rapid material strain from similarly
rapid disordering, following heating. We have established
that laser induced structural changes in materials occur
on time scales of < 10 ps, and now we need to separate
out the contributing processes of thermal and pure elec-
tronic disorder.
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Introduction

Similarities abound between interactions and instabili-
ties in laser plasmas and ionospheric plasmas. Although the
actual physical parameters of laser and ionospheric plasmas
are very different (Table 1), the scaled or normalize param-
eters are actually very similar as listed in Table 2. Common
interests also exist in the study of these interactions in both
communities. Two such examples are the study of critical

layer turbulence and the use of Thomson scattering as a key
diagnostic.

Table 1: Comparison of physical parameters of laser and
ionospheric plasmas.

Parameters Ionosphere Laser Plasma

Pump frequency, fo 5 MHz 300 THz

Pump wavelength, k 60 m 1/am

Pump field, Eo < 5 V/m 3 x 10~° V/m

Pump intensity, Io < 3 x 10.7 W/cm-" < I x 1014 W/cm2

Critical density, 11c 3 x l0s cm"3 1 x 1021 cma

Scale length, L 60 km 1000/am

Electron temp.,Te 0.2 eV 1 keV

Ion temp., Ti 0.1 eV 0.3 keV

Average charge, Z 1 4 - 50

Average mass, M 20 6 - 200

Debye length, LD 0.5 cm 0.007 ~m

Radar frequency, fT 430 MHz < 1200 THz

Radar wavelength, ~.T 35 cm > 0.25 pm

In close collaboration with the LLNL co-PI, Dr. Peter Young,
a survey of the key critical layer physics issues deemed
common to both laser plasma and ionospheric plasma inter-
actions were identified. Ionospheric experiments were then
planned and performed accordingly. Research progress and
preliminary results in performing these experiments are
described in this report. In particular, progress has been
made in two ionospheric experiments where key critical
layer physics issues have been studied. The first experiment
involves the study of stimulated backscattered radiation near the
fundamental of the pump frequency and the second experiment
involves the study of Langmuir wave turbtdence via Thomson
scattering. In the remainder of this report, details of

research progress in each experiment are summarized,
titles of published article and conference poster presen-

tations are listed.

Table 2: Comparison of scaled parameters of laser and

ionospheric plasmas.

Parameters Iom~sphere Laser Plasma

Scale length, L/~. t000 _< t000

Scattered wavenumber, 2k.r~.D < 0.2 <___0.35

Temperature ratio, ZT/T~ 2 ~ l0

Jitter velocity, Vo~JC < 10"-~ 1.6 x 10-a

Pump intensity, EZ/4rcrlT < 0.0l ~ 0.04

Electron damping rate,v~/m, - I0"~ - 10.3

Ion damping rate, v/c0~ < 0.l < 0.4

Ion wave frequency, co~/O~o 0.003 0.003

Stimulated Electromagnetic Radiation

Experiments have been performed in the investigation

of stimulated backward radiation near the fundamental of
the pump frequency at the HIPAS Observatory. In par-
ticular, the experiments focused on the generation mecha-
nism of electromagnetic radiation inside filaments or den-
sity striations. In laser plasma interaction, such filaments
can occur due to either ponderomotive or thermal self-
focusing instabilities. In the ionosphere, the density stria-

tions are predominantly aligned with the ambient mag-
netic field and develop on a thermal time scale. Prelimi-
nary results indic:,ce that once these density striations are
formed, trapped electrostatic upper hybrid eigenmodes
are excited via conversion of electromagnetic pump wave
off the density striations. The parametric decay of these
eigenmodes leads to the generation of electromagnetic
radiation. The end result is that these trapped modes
inside the striations act as very efficient radiators and
the threshold for exciting the decay instability of these
trapped modes is uluch lower than normal decay instabil-
ity. The partial support from the UCRP/LLNL grant
on this research rest, Its in the completion of a short
article titled "’Controlled ionospheric preconditioning
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and stimulated electromagnetic radiation", published in
Phys. Rev. Lett. [Phys. Rev. Lett. 80, 489] (1998).

Thomson Scattering Experiment

Experiments have been performed in the study of Lang-
muir wave turbulence and parametric decay instability near
the critical layer at Arecibo with the newly upgraded HF
transmitters. Detailed temporally and spatially resolved
wave measurements using the Thomson scattering radar
have been made. The combination of recent results from
Thomson scattering experiments and numerical simula-
tions have led to a much improved understanding of criti-
cal layer phenomena involving parametric decay instabili-
ties and strong Langmuir turbulence in the ionosphere. A
comparison of the Thomson scattering capabilities for laser
and ionospheric experiments is listed’in Table 3.

Table 3: Comparison of Thomson scattering diagnostic
capabilities

Parameters Ionosphere Laser Plasma

Spectral resolution -10.3 - 10.3

Temporal resolution - tO~ cycles ~ I0~ cycles

Spatial resolution 150 m 30 ~am

Spatial resolution ~ 0.3% L _> 3% L

Spectrum vs position routine possible

Detected range of k very limited very flexible

Spectrum vs ~ ~ limited routine

Other challenges natural variation plasma production

Initial Development of Turbulence

The onset of plasma wave turbulence is ~ ~st detected
from two well distinct layers along the plasma density
profile. Near the critical layer or the first Airy maximum
of the pump profile where the pump frequency, co, is
near the local plasma frequency, (9v, the wave spectrum is
dominated by strong Langmuir turbulence characterized
by a broad, diffuse "caviton" continuum near coo, and an
upshifted spectral line called the "free mode"¯ This is
illustrated in times 2 - 4 (T:2 to T:4) in the figure above.
Such an tmique spectrum has been predicted from numer-
ical modeling based on the Zakhar equations. Further
down the density gradient, a second layer occurs where

~ i~4.’"

Contour plots of plasma line data for 10 consecu-
tive times (T:2 - T:ll) in milliseconds. The pump
is turned on just before T:2 and is turned off after
T:11. Each plot covers 16 heights of 150 m resolu-
tion or a total distance of 2,400 m.

strong scattered signal are also observed (T:4 in figure).
This layer is generally called the "matching height" where
coo, matches that of the scattering wave frequency co,
occurs. In this region the wave spectrum is dominated
by parametric decay instabilities characterized by discrete
frequency lines that matches the decay wave frequency
and wave number. Theoretically, this region is called the
coexistence regime where both strong and weak Langmuir
turbulence coexist.

Saturated State of Turbulence

As the highly nonlinear process continues (T ~ 5),
the initial thin layer of turbulence near the reflection
height gradually spreads to lower range heights, possi-
bly overlapping several Airy maxima. The continuum
or the caviton part of the spectrum now consists signifi-
cant upshifted components while the free mode appears
to have broadened. The spectrum at the highest range
height, however, generally contains only the continuum
but not the free mode. Further down near the matching
height, new scattered signals from successive paramet-
ric decay or cascading processes, called the so-called 1.
3. and 5 lines for historical reasons, now occur at suc-
cessive lower matching heights (T:4 - T:6). The local
density scale length can be inferred from the systematic
frequency shift of free modes and decay lines at succes-
sive height ranges.
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Publications, Poster and Invited Talks

Under the partial support from the UCRP/LLNL ~ant,
one article has been submitted and has been accepted for
publication. Separately, a poster and an invited talk have
also been given in a workshop.

P.Y. Cheung et al., Controlled Ionospheric Precondition-
ing and Stimulated Electromagnetic Radiation, Phys. Rev.
Lett. 80, 4891 (1998).

Early Time Radar Observations of HF-induced Langmuir
Turbulence at Arecibo, poster presented at the RF Iono-
spheric Interactions Workshop, Santa Fe (1998).
SEE, Langmuir Turbulence, Striations, and Upper Hybrid
Turbulence, invited talk presented at the RF Ionospheric
Interactions Workshop, Santa Fe (1998).
The Study of Critical La)’er Turbulence in the lonosphere, poster
presented at the APDDPP meeting, New Orleans (1998).
Controlled Ionospheric Pre-conditioning and Stimulated
Electromagnetic Radiation, poster presented at the APD-
DPP meeting, New Orleans (1998).
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Subhash Risbud, Principal Investigator, UC Davis

Denise Krol, Co-Principal Investigator, LLNL

Student:
James Chan, UC Davis

Phosphate glasses are of interest as materials for wave-
guide lasers and other fiber and waveguide devices. Since
fiber Bragg gratings are rapidly being incorporated into
such optical systems, it is important to study the forma-
tion of optically induced Bragg gratings in these rare earth
doped phosphate glasses and to characterize these glasses
both before and after the writing of the refractive index
gratings. The rare earth dopants are used to increase photo-
sensitivity of the glass material for producing larger refrac-
tive index changes. Characterization techniques include
absorption and luminescence spectroscopy.

Glass Synthesis Progress

Lanthanum phosphate glasses doped with various con-
centrations of thulium were synthesized. Table 1 lists the
compositions in mole % of the glass sample.

Table 1. Glass compositions.

Compositi.m (mole %)

Sample La,O3 Tm.,O3 P:Os

1 0.18 0.02 0.8

2 0.198 0.002 0.8

3 0.1998 0.0002 0.8

4 0.19998 0.00002 0.8

Sample 1 was prepared by mixing the appropriate
amounts of Tm203, LaPO~, and P_,O~ to give the final
compositions of La,O3, Tm~O3, and P:O~ (mole %) listed
in Table 1. The powders were mixed thoroughly and as
quickly as possible to minimize the exposure time to air
since the materials are hygroscopic. The mixture was put
in a platinum crucible and melted in air at 1400’~ C using
a Deltech Model DT-31 Mode C furnace. After roughly 1
to 1-1/2 hours, the melt was removed from the furnace and
quenched by pouring it on a brass plate at room tempera-
tt, re. The glass sample was annealed in a Lindberg oven
held at 300" C tbr roughly 1 hour. then kept in the oven to
cool overnight.

The samples with lower concentrations of Tm203
were prepared by taking the higher Tm203 concentration
mixtures and diluting them with the appropriate amounts
of LaPO~, and P,O5 powders to achieve the final desired
concentrations as listed in Table I. The melting, quench-
ing, and annealing of the samples were the same as
described above.

The glass samples were polished and cut. The sizes
of the cut glass samples are roughly 15 mm x 5 mm x
5 mm. Striations, which are present in the final polished
glass samples, may pose a problem when attempting to run
optical experiments on them. Modifications still need to be
made in the synthesis of the glasses.

Characterization

Both X-ray Fluorescence (XRF) spectrometry and
absorption spectroscopy have been used to characterize
the glass samples. These techniques were used to detect
the presence of thulium in the phosphate glass and to
compare the thulium concentrations in the glass sam-
pies. From the XRF spectrum for the 0.002 Tm=O3 glass
(mole %), the Tm peak height indicated the amount 
Tm to be in the range of 5-50 ppm. An exact number on
the amount of Tm was difficult to determine because a
standard was not available. The XRF spectrum for the
0.0002 Tm,O3 sample (mole %) showed much smaller 
peaks. Although exact amounts of Tm were not able to
be determined, a comparison of the Tm peak heights for
the two glass samples showed that the relative abundance
of Tm in the two samples were different by an order
of magnitude consistent with the difference between the
two Tm concentrations. The height of the Ge peak in the
spectra gives an indication of the amount of sample pres-
ent while that of the Tm peak indicates how much Tm is
present. The ratio of the Ge peak to the Tm peak was
21.75 tot the 0.0002 Tin:O, (mole %) sample while that
for the 0.002 TmzQ (mole %) sample was an order 
magnitnde less at 2.89.

Absorption data were taken of the glass samples.
The absorption peaks correspond to the transitions
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within the 4f fi multiplet of the Tm3+ ion (360,470, 685,
790, 1210, 1720 nm). The absorption spectrum for the
0.002 Tm203 (mole %) glass shows that the absorbance

decreases compared to that of the 0.002 Tm=O3 glass
with an order of magnitude consistent with the change
in the thulium concentration in the glass.
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Students, UCLA:
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We have partially supported the development of a three
dimensional particle-in-cell (PIC) code and we have devel-
oped a variational principle formalism for analyzing the
evolution of finite width laser pulses propagating in under-
dense plasmas. This new formalism was used to describe
new long wavelength hosing, new long wavelength spot
size modulation, and new asymmetric spot-size modulation
instabilities. One limit of asymmetric spot size modula-
tion is asymmetric self-focusing. A draft of a manuscript
was submitted to Physical Review Letters and abstracts pre-
sented at the 1998 Anomalous Absorption Conference. We
summarize these results below:

Code Development

where a is the normalized complex envelope of the laser,
is the scalor potential, and

X X
gt = t - --, Z" = -- are the speed of light frame variables.

C C

These equations can be obtained from requiring that the action,
S = ~ cLr±d~dr.L be stationary, where

During the first few months of this period, Roy Hemker
was partially supported on this award to develop an object
oriented parallelized 3-D PIC code. Subsequently, the code
development has been funded from other sources. Cur-
rently, we have a Working 2D slab geometry object oriented
PIC code that has a moving window algorithm and runs on
several parallel computer platforms. We also have a work-
ing 3D algorithm. We expect these 3D algorithms and sev-
eral others to be incorporated into the object oriented code
within the next four weeks. This code will be used to study
the coupled two-plasma decay and Raman scattering insta-
bilities as well as rela,~vistic self-focusing.

AVariational Principle Approach to Laser
Plasma Interactions

During the past year, Brian Duda has developed a
variational principle formalism for describing the evo-
lution of short-pulse lasers propagating in underdense
plasmas. This approach extends the work of Anderson
and Bonneda [l] to include Raman scattering and self-
phase modulational type instabilities. The starting point
are the well established model equations for describing
the evolution of short pulse lasers in plasmas

2 2 2o)p, 02__ o) 
--4-~( (~- 1)lal--r(a 0) 

C- c-

In the variational approach, carefully chosen trial func-
tions, which have slowly varying parameters such as a spot
size, a transverse centroid, a radius of curvature, and a com-
plex amplitude, are substituted into S and the d.71 integra-
tion is performed. Requiring that the resulting reduced
action be stationary results in coupled envelope equations
for the slowly varying parameters.

Long Wavelength Hosing

By linearizing the coupled envelope equations
obtained from the variational principle of formalism,
we have identified new long wavelength hosing and
spot size modulations instabilities. These instabilities
grow as

where P/P is the laser power normalized to the critical
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power for relativistic self focusing, k is the wave number
of the unstable perturbation, and "~R is the Rayleigh or
defraction time. These instabilities can occur above
the quarter critical density, no/4 and they are the whole
beam analogs to self-phase modulation and filamenta-
tion. We have performed large-scale parallel PIC sim-
ulations which clearly show the importance of these

instabilities.

LASNEX Simulations

We have carried out preliminary LASNEX simula-

tions to find the scalelengths of exploding foils when
the peak density falls through no/4. This work was done
by the LLNL Collaborator, Dr. Chris Decker. The sim-
ulations show that irradiating a 1 ~m thick tungsten foil
with a 5 x 1014 W/cmz, Ins pulse gives a 50-60 lam long
flat top density regions which lasts for about 50ps.

Reference

[1] R Anderson and M. Bonnedal, Phys. Fluids, 22, 105
(1979)
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Ted Bennett, Principal Investigator, UC Santa Barbara

Mark Havstad, Co-Principal Investigator, LLNL

There is a growing body of experimental evidence
showing that the kinetics of nascent vapor produced during
pulsed laser heating of metals cannot always be ascribed
to the surface thermal conditions. Some investigations have
proposed that the discharge of energetic (nonthermal) atoms
from metals can involve light coupling to surface plasmons.
This requires that surface roughness facilitate wavevector
matching of laser light with surface electromagnetic exci-
tation modes. If true, superthermal vaporization kinetics
should disappear from time-of-flight measurements when
an optically smooth surface is sued. Unfortunately, main-
taining such an ideal surface is infeasible on a solid target
because each laser pulse introduces nanometer sized rough-
ness through the process of melting and resolidification.
We have investigated the nature of vaporization from a
liquid Hg surface using a nanosecond laser emitting 5 eV
photons. Surface tension of the liquid provides an opti-
cally smooth surface for this experiment. Nevertheless, we
observe superthermal vaporization kinetics from liquid Hg.
The shape of the energy distribution is Boltzmann (the ther-
mal expectation), however, and the energy distribution does
not demonstrate any quanta characteristic of vaporization
mediated by an electronic excitation.

Introduction

(TOF) measurements. The Knudsen layer is region adja-
cent to the surface in which the nascent velocity distribu-
tion acquires a stream velocity. In the simplest idealiza-
tion, the velocity distribution past the Knudsen layer is tully
Maxwell-Boltzmann, in a coordinate system moving with
the stream velocity. In contrast, the nascent velocity distri-
bution is half Maxwell-Boltzmann, with zero stream veloc-
ity. When the "vapor-pressure" generated by the peak
thermal conditions of the target is small, collisional
effects are unimportant to the translational energy dis-
tribution of the vapor.

The energy (or velocity) distribution can be determined
from the time it takes atomic material liberated from the
target surface to translate to a detector in a TOF measure-
ment. Given a sufficient number of vapor-phase collisions,
the mot probable flight time will shift to a higher value. How-
ever, if the nascent velocity distribution remains half Max-
well-Boltzmann, the average translational energy is related
to the most probable flight time t" by ~=m(L/t*)2 /2,

where m and L are the atomic mass and flight distance,
respectively. In turn, the mean translational energy should
be related to the surface temperature by:

-E = 2kBT. (1)

Over the past few years, there has been active research
concerning short pulsed laser vaporization of metals (Kim
and Helvajian 1991; Hoheisel et al. 1993; Lee et al. 1993;
Shea and Compton 1993; Bennett et al. 1996; Elam and
Levy 1997). The recent interest stems from observations
of superthermal vaporization kinetics. Because important
applications frequently operate in a plasma regime, the
nascent character of vaporization went unexplored tbr many
years after pulsed laser processing of metals became tech-
nologically important. Since a plasma is heated directly by
the laser, subsequent vapor kinetics can no longer reflect
the surface desorption process in this regime. However.
when sub-plasma conditions were eventually investigated
high translational energies were observed. In the initial
attention given to this departure from expectation, it was
often argued that collisional effects in the plume could
explain these experimental results. This line of reasoning
was made popular by a number of theoretical papers (Kelly
and Dreyfus 1998; Kelly and Dreyfus 1988) devoted to
the effect of Knudsen layer tbrmation on time-of-flight

The formation of a Knudsen layer is significant to
the interpretation of raw TOF measurements. However, an
important point, frequently overlooked, is that the shift in
the most probable flight time does not reflect a change in
the mean translational energy, since energy is conserved.
Development of a non-zero flow velocity results from the
transfer of internal energy to translational energy of the
center-of-mass. This can result in smaller value of inte hal
energy ("temperature") than the total translationa" :nergy
of the vapor. However, the temperature of the vapor is no
longer related simply to the surface thermal conditions. An
adiabatic expansion of an ideal monatomic gas offers at
most an order k7 increase in center-of mass translational
energy (or decrease in internal energy). Flow velocities
exceeding this value cannot be explained by energy pro-
vided by the surface thermal conditions alone.

The difficulty in quantifying plasma and collisional
effects in experiments generating relatively large vapor
pressure of target material has made it difficult to resolve.
in many cases, whether vaporization kinetics are indeed
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superthermal. Interestingly, the observation of superther-
mal vaporization kinetics has also been encountered from
the other limiting condition of low vapor pressure in experi-
ments where the surface temperature does not rise above
the melting point (Kim and Helvajian 1991); Hoheisel 
al. 1993, Lee et al. 1993; Shea and Compton 1993). Here,
the influence of vapor-phase phenomena can be ruled out,
and TOF measurements unambiguously probe the nascent
energetics of the vaporization process. So, where does this
extra energy come from?

A proposed explanation involves energy coupling of
surface plasmons to be vaporization process (Kim and Helv-
ajian 1991; Hoheisel et al. 1993; Lee et al. 1993; Shea and
Compton 1993). A plasmon is the energy quanta of the
collective wave-motion of free electrons in a metal (Pines
1956). Plasmon energies in many metals range from 3 to
16 eV. Consequently, if the plasmon energy is given to a
desorption process, when a plasmon is annihilated in a col-
lision with a phonon, then the desorbing atom could have
energies far exceeding the thermal conditions of the sur-
face (Richie et al. 1994). However, several issues arise
with adopting this explanation. First, simultaneous energy
and momentum conservation require some qualification of
conditions under which surface plasmons can be excited
with laser light. In traditional optical-plasmon interac-
tion studies, light is introduced to the backside of a metal
film that plates the surface of a prism. Under geometries
of frustrated total internal reflection, the evanescent light
wave at the interface can couple to surface plasmons in the
film (Lemberg et al. 1974). This is not similar to typical
conditions used in pulsed laser vaporization. However,
conversion of photon energy to surface plasmon energy
can also be facilitated by surface roughness, where the
reciprocal space of the roughness augments the plasmon
wavevector to permit momentum and energy matching
with the incident photon. Therefore, it is argued that either
intentionally placed or inherent surface roughness can facil-
itate light coupling to surface plasmons that subsequently
participate in the super ,,ermal desorption of atoms.

To test this hypothesis, one would like to be able to
control the process by which surthce plasmons are excited to
demonstrate whether there exists a correlation with super-
thermal vaporization kinetics. However. development of
surface roughness, having scales between nanometers to
micrometers, is intrinsic to the process of nanosecond
pulsed laser melting of metal surthces. The develop-
ment of high frequency roughness is due to asynchro-
nous resolidification of the surface. Low frequency surface
roughness is due to hydrodynamic instabilities in the molten
surthce. To avoid these eft~cts in the present study, we have

investigated a liquid Hg system. In the liquid state, surface
tension provides and maintains an optically smooth surface
throughout the experiment. Since light coupling to surface
plasmons is prohibited when the smooth surface is irradiated
from vacuum, the proposed liquid Hg system should be free
from possible effects of surface plasmons. In this paper, we
report measurements of the vaporization kinetics of liquid Hg
using 16 ns pulsed ultra-violet laser light.

Experiment and Results

The laser, vacuum chamber, and detector are shown
schematically in Figure 1. The detector, used to measure
atomic material liberated from the target by the laser, is
a fixed appendage to the chamber. The detector placement
requires the sample to be held vertically in the vacuum
chamber, which poses a significant problem for investigat-
ing liquid samples. We have resolved this problem with a
specially designed crucible that raises a liquid film of metal
to the vertical position. Figure 2 shows schematically this
crucible. We chose to study liquid Hg metal to alleviate the
need to heat the crucible. The crucible contains a center
cylinder (0.75 cm diameter and 1.0 cm length) that is free 
rotate within the body. The lower portion of the cylinder
rotates through a pool of liquid that wets the surface of
the cylinder. The front of the crucible is open, exposing
the cylinder to the incident laser beam and providing an

Figure I. Schematic qf the major Cmnlmnents in the TOF
me~t.~’urement system.
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Laser

Figure 2. Illustration of the liquid Hg crucible used in
TOF measurements.

unobstructed view of the sample surface for the detector.
The cylinder is coupled to a small dc motor using stranded
wire. The cylinder is rotated at approximately 5 rpm during
measurements.

The laser is a Luminonics Excimer operated with a
KrF gas fill for 248 nm light. The output of the laser
is shaped into a uniform top-hat profile using a light
tunnel. The intensity of the top-hat is uniform to better
than 10% over the nominal spot area. At the target sur-
face, the irradiated area is nominally 0.7mm x lmm. To
achieve the low fluences required in the following exper-
iment beamsplitters were used to attenuate the beam.
Pairs of beamsplitters having 10% and 30% or 10% and
50% nominal transmittance (at 450 angle of incidence)
were used. Although the light leaving the cavity of the
laser is unpolarized, the beamsplitters transmit prefer-
entially p-polarized light. From the manufacturer’s
specifications, it was calculated that the 10-30% and
10-50% beamsplitter combinations transmit 91% and
87% p-polarized light, respectively. Pulse energies
are measured in situ with a joulemeter measuring a
portion of the beam energy split from the main beam
before entering the light tunnel. The joulemeter is
cross-calibrated with a calorimeter measurement used
to determine the fluence delivered to the target surface.

The detector is differentially pumped to a base pressure
of I0-~° tort. The detector has three stages. The first stage
ionizes a fraction of the vapor plume entering the detector
with an electron beam. Ions then pass through a quad-
rapole mass filter, the second stage, that is used to block
the transmission of species not having the charge to mass
ratio of Hg~ transmission efficiency. Since Hg has a large
atomic weight relative to the residual background gases in
the chamber, the resolution of the quadrapole can be set
relatively low to obtain a high Hg" transmission efficiency.
In the third stage, transmitted ions are detected by acceler-
ating them into an organic scintillation pad with a 25 kV

field. The pad emits a photon burst at each collision event,
which is detected with a photomultiplier tube and relayed
to a digital scaler. The scaler is used to count the number
of pulses arriving in consecutive 6 Ias time "bins" over a
period of 6000 las after the laser fires. From this informa-
tion TOF measurements are obtained. The measured tem-
poral distribution is offset by the "ion flight time" between
stage one and stage three of the detector. The ion flight
time is largely established by the electric fields in the detec-
tor, with a small correction accounting for the velocities of
neutrals entering the detector.

The laser is operated at 10 Hz during TOF measure-
ments. The detector signal is averaged over 100 laser pulses
to obtain good signal to noise. To minimize the potential
effect of surface oxides, an initial 5 pulse sequence of
"clean-up" laser pulses are used immediately before the
TOF measurement. The surface of Hg will oxidize in the
presence of background gases (10 -6 torr) in the chamber.
During the measurement, new surface area is continuously
introduced into the irradiated area by the rotation of the cyl-
inder. However, the fraction of new surface area to the total
area irradiated is always small because of the low rotational
speed used.

Typical raw TOF measurements are shown in Fig. 3.
The temporal distribution is converted into an energy dis-
tribution using the following factors: At time t, the detec-
tor signal N(t) can be related to the value of P(E) at 
= (m/2)(L/t)2. The N(t) signal is proportional to the tran-
sient number density of neutrals in stage one of the detector.
Consequently, the total flux of atoms passing through the
detector in a time interval dt is proportional to n(t) - N(t)/t,
and conservation of flux requires that n(t)dt = P(E)dE be
satisfied. Since dE - dt.r3, the following relationship holds
between the raw TOF signal and the energy distribution:

N(t)-P(E)/t: (2)

Using equation 2, the raw TOF measurements shown
in Figure 3, are converted to energy distributions, shown
in Figure 4. The mean translational energy can be deter-
mined directly from the measured energy distribution.
A normalized Boltzmann distribution is plotted over the
experimental data in Figure 4 using only the measured
mean translational energy to establish the distribution.
No stream velocity is used to fit the experimental data.
As can be seen from Figure 4., the experimental energy
distribution is well described by a Boltzmann fit. The
mean translational energies for the distribution shown
range from 0.31 eV. corresponding to the low fluence, to
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Figure 3. Raw time-ofoflights from Liquid Hg. Distri-
butions reflect lO0-shot measurements. The five cases
shown are for laser fluences of(a) 0.211, (b) 0.193,
(c) 0.176, (d) 0.155, and (e) 0.135 2.
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Figure 4. Energy distributions of rig corresponding to
TOF measurements in Figure 3. The distributions reflect
the experimental measurements (o) as well as Boltzmann
:ts (--).

0.54 eV at the high fluence. If the energetics of vaporiza-
tion can be ascribed to the thermal conditions of the sur-
face, then, from equation (1) the peak surface temperatures
of the target should fall between 1,800 K to 3,100 K for our
experimental conditions. To assess how reasonable these
temperatures are, we have numerically modeled the ther-
mal conditions generated during a laser pulse. The code
used tbr our calculations has been described in detail else-
where (Bennett and Krajnovich 1997) and the principles
only are highlighted below.

Numerical Model

The peak temperature rise at the target surface is cal-
culated considering the transient heating provided by the
laser, competing with heat dissipation through diffusion.
In the present work. the tact that phase-change is not pres-
ent greatly simplifies the calculation. The problem is fur-
ther simplified with the observation that heat translizr can
be assumed one-dimensional, since the diffusion depth is
three orders of magnitude smaller than the lateral extent

of the heated area. Volumetric laser heating of the target is
model using Beer’s law weighted by the temporal profile of
the laser pulse:

g(z,t) = qb(1 - ~R)- I(t). ~e-;z

Where ~ = 4rtn,. / k. n,, is the imaginary part of the surface
index of refraction, ̄  is the surface reflectance, and l(t) is
the normalized temporal profile of the laser pulse. I(t) has
been measured experimentally, and is well described by a
triangular shape, with a pulse length t~ = 28 ns at the ba ,:
and having a maximum intensity occurring at tp = 7 ns. The
surface reflectance depends on the polarization state of the
light incident oft-normal to the target surface. The general
Fresnel formulas for light polarized normal (2_) or parallel
(II) to the plane of incident are:

tan(Oi - O, )-’
rill : tan(oi - o, )

sin(O/- ~’, )) -’,’3~ L = sin(r~i t~-~
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where 0i is the (real) angle of incidence with respect to the
surface normal and Ot is the complex angle of refraction in
the absorbing medium. The angles O~ and O are related by
Snell’s law:

sin 0t - sin 0inre _ in i’-------~m
(5)

For partially p-polarized light, with degree of polarization
V,, the surface reflectance is:

Experimental measurements are made with the laser
beam incident at 450 to the target surface normal. Due to
the beamsplitters, the light is approximately 90% p-polar-
ized for our experimental conditions. Using the optical prop-
erties in Table I, the surface reflectance at the wavelength of

the laser is 62%. In contract, if the light were unpolarized,
or if the laser beam was incident perpendicular to the target,
the surface reflectance of liquid Hg would be 69%.

The principal difficulty in accurately calculating the
thermal conditions during the laser pulse are: 1) obtaining
the correct temperature dependent thermophysical proper-
ties; 2) obtaining accurate optical constants for the surface
at the wavelength of the laser; and 3) correct numerical
treatment of thermophysical conditions at the target. The

importance of the first two points is self-evident. Tempera-
ture dependent thermophysical properties for Hg are avail-
able from references: Touloukian 1970; Touloukian 1970;
Touloukian 1970; Choyke et al. 1971; Zinov’yev and Itkin
1990; lida and Guthrie 1993, and have been summarized in
Table I. However, using temperature dependent properties
will not improve the results without performing the solu-
tion on a Lagrangian mesh to account for thermal expan-
sion. Expansion of the mesh is calculated from a linear

elastic hydrostatic model of the liquid (Bennett and Kraj-
novich 1997). Because the timescale for sound propagation
in the liquid is much shorter than that of the propagation
of heat. the thermal expansion is nearly quasistatic. The
coupled problems of heat transfer and thermal expansion
are solved using a finite element code. The heat diffusion
equation is solved with a heat generation source near the
surface of the Hg specified by Equation 3. A domain 16
gm into the surface is modeled, the back surface is held at
the ambient temperature. The linear elastic equations of
motion of the hydrostatic fluid are solved with a free sur-
face boundary condition applied to the surface. The lower
boundary is constrained.

Figure 5 illustrates the thermal physical conditions
near the liquid Hg surface at the peak of a thermal cycle
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Figure 5. Thermal physical conditions near the liquid
Hg surface at the peak of the thermal cycle. Left panel
the temperature distribution; right panel the density as a
function of depth.
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Figure 6. Peak surface temperature as a function of pulse

fluence.

generated with a 0.16 J/cm2 pulse. The top panel shows the
temperature distribution below the surface of the liquid
Hg. The bottom panel s.hows the density as a function
of depth. Local value~ ot density are determined by con-
trasting the current element volume with the initial value,

of known density. In the calculations, densities oscillate
within a few percent of value dictated by the local tem-
perature, because of sound wave propagating through the
numerical domain. Figure 6 summaries the peak surface
temperature as a function of pulse fluence.

Discussion

Using the calculated surfi~ce temperatures, the mean
translational energies of distributions shown in Figure 7
arc cot{trasted with the classical thermal expectation of
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Figure 7. Summao’ of measured mean translational ener-
gies versus calculated peak surface temperatures. The
theoretical 2kBT relation for mean translational energy is
plotted as a reference.
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Figure 8. Natural log of integrated TOF signal versus
the reciprocal of calculated peak surface temperature.
The solid lines corresponds to the anticipated slope _of
-AI~/R for a thermal mediated process with -Ah~ =
59.1 kJ/mol for Hg.

E = 2kBT plotted as a line. There are two striking results.
The first is that the measured translational energy of Hg sig-
nificantly exceeds values for a thermal process. Measured
translational energies are higher than classical expectation
by about a factor of 2. The second observation is that the
mean translational energies do not exhibit a 2kB slope with
respect to the peak surface temperature. Instead, the mea-
sured slope exceeds the classical expectation by about a
factor of two. These results show clearly the inadequacy
of describing vaporization kinetics using purely classical
theory. The measured energies correspond to surface tem-
peratures ranging from 1,800 K to 3,100 K, while the calcu-
lated temperatures are between 900 and 1,300 K. The criti-
cal temperature of Hg is about 1500°C, lower than any of the
experimentally measured "translational-temperatures." The
kinetics of vaporization might be reconciled with thermal
expectation if vapor-phase heating occurs through a plasma.
However, plasmas require extensive ionization of the plume,
such that inverse Bremsstrahlung absorption of laser light
by free electrons can occur. Since the near threshold con-
ditions used in the TOF measurements reported here intro-
duce many orders of magnitude fewer ions than neutrals
into the plume. It is difficult to conceive that a plasma is
responsible for significant heating of neutrals.

As mentioned in the introduction, another possible
source tbr misinterpreting the vaporization energetics is
collisional effects, which can change the "most-probable"
flight time. However, we have determined mean transla-
tional energies from the energy distribution, and not the
most probable flight time. lnteratomic collisions cannot
change the mean energy of the vapor phtme (unless a sub-
stantial amount of vapor recondenses back to the surface

of the target), and consequently cannot provide an expla-
nation for the high observed mean translational energies.
Therefore, these results provide some important facts with
which to reevaluate the nature of pulsed laser vaporiza-
tion of metals, and the potential role of surface plasmons.
We have created experimental condition that should pro-
hibit surface plasmon excitations but still yield superther-
mal vaporization kinetics. The energy distribution does not
demonstrate any signature quanta characteristic of the sur-
face plasmons energy; the shape of the energy distribution
is Boltzmann (the thermal expectation) despite the fact that
the energetics of vaporization is inconsistent with the sur-
face thermal conditions.

The TOF integrated signal (IS) is a measure of the
vapor-pressure generated by the laser pulse. This quantity
provides another measure with which the vaporization pro-
cess can be evaluated. Using the equilibrium vapor-pres-
sure, the integrated signal can be related to temperature by:

(7)

Equation (7) predicts that plotting ln(IS) against I/T will
result in a straight line having slope of -zSJz~/R if the
vaporization process is thermally mediated. Since the vapor-
pressure depends exponentially on temperature, the inte-
grated signal is heavily weighted by peak temperature of
the thermal cycle. Figure 8 plots the natural log of the inte-
grated TOF signal against the reciprocal calculated peak

surface temperature. The sol. id lines_v atp_pearing, in this. figure
correspond t_o the slope ot --Ahz/R using the hterature
value of-z~htv tbr Hg. The best linear fit of the experimen-
tal data in Figure 8 yields a value of 69.8 k J/tool tor the latent
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heat of vaporization of Hg, 18% higher than the literature
value. Within experimental errors, the vaporization yield
suggests that the vaporization process is thermally mediated.
In other words, the energy "bath" driving the vaporization
process is the thermal energy of the surface.

Targets of Ag have been used extensively to study sur-
face plasmons, and in several investigations to study the rote
of surface plasmons in non-thermal desorption (Kim and.
Helvajian 1991; Lee et al. 1993; Shea and Compton 1993).
We have performed TOF measurements of pulse laser vapor-
ization of Ag from a solid surface to establish whether the
kinetics are distinct from what we have observed on the
liquid Hg surface. The Ag surface is prepared in a manner
similar to our previous study of Au (Bennett et al., 1996),
in which we found, despite our best efforts to product a
smooth surface, the kinetics of vaporization were superther-
mal. Time-of-flight measurements were made on a single-
crystal Ag target held at an initial temperature of 900 K.
At low initial target temperatures, measurements on Ag are

.=

z
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(c)

(e)

Ag Target

Scale

xO.05

xO.50

xl.00
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contaminated by a substantial number of ions in the plume.
This is due principally to the higher occurrence of vapor
phase ionization resulting from a high laser intensity. Con-
sequently, the TOF measurements on Ag have been per-
formed holding the target at a high initial temperature, so

that a lower laser fluence can be used to reach the same
peak surface temperature. Measurements at this tempera-
ture have the added advantage that Ag oxide is thermody-
namically unstable at 900 K. The Ag target surface was

polished but not etched. Instead of etching, the selvage layer
was removed with the laser in the course of taking sets of

10-shot TOF measurements. The initial TOF measurements
on a previously unirradiated spot exhibited a fast contamina-

tion signal that disappeared in 10-40 laser pulses.
Figure 9 shows the N(t) distributions taken from the

5th set of consecutive 10-shot TOF measurements. The
laser fluence ranges between 0.39 and 0.70 J/cm2, and
fluences are given explicitly in the figure caption. Figure
10 shows energy distributions corresponding to the TOF

(a) Ag Target

t) 500 1000 15(~) 2000
Time (/as)

0 1 2 3 4 5

I.-ncrgy icV)

Figure 9. Time-of-flights from the single crystal Ag tar oet

hehl at T =900 K, Distributions reflect the 5th set of
lO-shot consecutive measurements. The five cases shown
are fi~r laser fluences of(a) 0.39, ( B ) 0.46, ( C ) 0.53, 
0.60 AND (E) 0.70 J/cm".

Figure 10. Energy distributions of Ag corresponding to
TOF measurements in Fig. 9. The distributions reflect the

exl)erimen tal measu remen t (o) as well as a Boltzman n 
(--) to the slow hodv &’the distrihurion.
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Figure 11. Summary. of measured mean translational
energies versus calculated peak surface temperatures.
The theoretical 2ksT relation for mean translational
energy is plotted as a reference.

measurements shown in Figure 9. At high fluences, shown
in measurements (a) and (b), the P(E) exhibits 
energy tail which may reflect the influence of laser heated
ions in the vapor-phase. The reported mean energies
reflect Boltzmann fits to the rising (slow) edge of mea-
sured energy distributions.

Using the calculated surface temperatures, the TOF
information shown in Figures 9 and I0 can be presented
in terms of peak surface temperatures generated with
the laser. This is done in Figure 11, which summarizes
the results of the measured translational energies for
both the Ag and Hg targets. The measured translational
energy of Ag substantially exceeds the thermal expec-
tation. Measured Ag energies are a factor of 2 to 4
times the classical theory. Also, like the Hg target, the
mean translational energy of Ag has a steep temperature
dependence that is about 20kB, much greater than the
classical expectation of 2kB. These results show clearly
the inadequacy of describing vaporization kinetics using
purely classical theory for Ag, but are qualitatively sim-
ilar to the Hg system where the role of surface plas-
mons has been ruled out. For the Ag data, the actual sur-
thce temperatures would need to be between 3,500 K and
10,000 K to reconcile the measured translational energy
with thermal expectation. This is in contrast to the numer-
ically calculated peak temperatures between [,600 and
2,300 K. While the difference between classical expecta-
tion and our measurements of Hg translational energies is
not as large, the discrepancy is still significant.

.~4 o
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Figure 12. Natural log of integrated TOF signal versus
reciprocal of the calculated peak surface temperature.
The solid lines corresponds to the anticipated slope for a

A-Vthermal mediated process, where- h~. = 258 kJ/mol for
Ag and -Ah~ = 59.1 kJ/mol for Hg.

The energetics of Ag vaporization is inconsistent with the
surface thermal conditions. However, like Hg, the vaporiza-
tion yields of Ag is consistent with a thermal process. Figure
12 plots the natural log of the integrated TOF signal against the
reciprocal calculated peak surface temperature. The solid lines
appearing_in these figures correspond to the theoretical slope of
-AJz~IR, which is close to the experimental value.

Conclusion

The nascent mean translational energy of vapor released
in pulse laser heating fails to produce the classical FS = 2kaT
expectation on liquid Hg. The observed superthermal trans-
lational energy is strong evidence that pulsed laser vaporiza-
tion relies on pooling energy from the electronic structure
of a metal. However, the nascent Boltzmann energy distri-
bution and the dependence of mean translational energy on
fluence do not appear to be ~"~nsistent with previous views
of a surface plasmon assisted desorption process. Further-
more. light coupling to surface plasmons should be pro-
hibited for the optically smooth surface of the liquid. The
measured Hg translational energies are a factor of 2
higher than classical theory, with an apparent tempera-
ture dependence that is a factor of 2 steeper than the
classical expectation. However, the dependence of yield
on surface temperature appears indicative of a thermal
process, despite the irreconcilably high mean transla-
tional energy of the vapor. This suggests that the mea-
sured superthermal translational energy is not available
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for overcoming the latent heat of vaporization, but is
acquired at some point in the process of atoms leaving
the surface.

Comparing the results of the Ag and Hg system, we
conclude that the basic dichotomy of thermal versus non-
thermal nature of vaporization is common to both systems.
The basic features of vaporization appear similar in these
two systems. Therefore, since the possibility of surface plas-
mons playing a role in vaporization in the liquid Hg system
is excluded a priori, we are led to the conclusion that surface
plasmons are not responsible for the superthermal character
in vaporization of the Ag target.
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Introduction

This report summarizes research progress in data 1.
analysis, in preparation and performing field exper-
iments, and in numerical and feasible studies. The
research effort involves the PI and one graduate student,
Alex Ryutov.

The original proposed pulse compression experi-
ment in laser produced plasma was not carried out under
this research period. New calculations indicated that the
original calculation used in the proposal contained sig-
nificant errors resulting in overly optimistic estimates 2.
of experimental parameters. After careful consideration
and discussion between the PIs, it is concluded that such
an laboratory experiment on pulse compression would
not be feasible within the proposed time period, budget,
and manpower. As a result, the objectives of the research
program was revised with a set of research tasks:

1. Continuation and completion of data analysis of
critical layer ionospheric experiments previously
funded by UCRP.

2. Implementation of testing of pulse compression
concept in ionospheric experiments.

3. Perform numerical and ray-tracing calculation in
support of pulse compression experiment.

Data Analysis of Critical
Layer Experiments

The study of the onset of Langmuir turbulence near
the critical layer has been studies in detail. In particu-
lar, results from recent experiments at Arecibo has been
analyzed. Significant progress has been made in the
understanding of electrostatic turbulence driven by a
high power electromagnetic wave. The diagnostic used
here is the Thomson scattering radar. Several distinct
and unique features of the backscattered spectra are
shown in Figure 1 and can be summarized:

.

4.

At early time, there is a separation of altitudes or
"layering" of where plasma line signals originate
from. The signals can be categorized as to initiate

from near the reflection altitude where o~hl = o~p,
from the lower matching altitudes where o~hl ~ o~p,
and from intermediate altitude bounded by the two
altitudes. The spectral features are very different at
the different altitudes.

Near the reflection altitude or the first Airy maximum,
the plasma line spectrum resemb, les that of the the-
oretically predicted caviton spectrum. It consists of
the downshifted broad frequency continuum and the
upshifted isolated free model peak. The width of the
continuum is proportional to the strength of the pump.
The altitude extension of the caviton continuum is gen-
erally restricted to several altitude bins (sim 450 m) but
does tend to expand to lower altitudes as heating con-
tinues. This is illustrated by following the evolution
of the spectra from T:2 to T:6. At T:6, the caviton con-
tinuum is observed to extend to lower altitudes overlap-
ping apparently what appears to be the first and second
Airy maxima.

Near the matching altitude, a weak signal is usually
observed near but less than the pump frequency. This
is the well known "decay line". As heating continues,
the decay line signal can easily be masked by the stron-
ger signal from the reflection altitude due to the clut-
tering eft~ct. Secondary and tertiary decay lines are
rarely seen at early times (within the first 2 ms) during
cold start. However, as will be discussed later, they are
commonly observed after the heater is turned off.

in the intermediate altitude between the reflection alti-
tude and the matching altitude, the caviton continuum is
weak but isolated free modes are commonly observed.
The free mode peaks become more prominent with
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respect to the caviton continuum at successive lower
altitudes, with correspondingly less positive fre-
quency shifts due to the gradual decrease in local
plasma density. As a result, this change in frequency
versus altitude can be used to determine the local den-
sity scale length. For this set of data, the scale length

is estimated to be L ~ 42 km.

.
The spectra unambiguously demonstrate that succes-
sive decay lines have larger frequency shifts and occur
at successive lower altitudes. This is in agreement
with theoretical predictions and that the turbulence

occurs under cold start conditions.

As a result of this work, a manuscript is now in preparation.

Ionospheric Experiment on
Pulse Compression

A field experiment was planned for March 1999
HAARP campaign on pulse compression (a schematic of
the physics of pulse compression was previously shown
in our proposal). To physically implement such a exper-
iment, the transmitter has to be programmed to launch a
pulse with the frequency chirping.

I 1 c2

1
¢o( t ) = oJ l + -~ --c ( t - to 

and intensity modulation

l(t) = o exp -Aoj 2 l, ,

(1)

(2)

where t o is a constant. Such a transmitter has to be

wideband and for HAARP, a frequency sweep of over
+100 kHz at the pump frequency of about 6 MHz is
required. Equation (1) also shows that this frequency
sweep must be achieved in about 100 ps. This chirp
rate has never been attempted before until during the
campaign. Significant effort was spent before and
during the campaign interacting with the HAARP
engineers in implementing such a scheme. In the end,
the experiment was canceled at the last minute due to
concern of damage to the HAARP transmitter as this
is the first full power operation. The experiment has
now been rescheduled for the next campaign sched-
uled in March, 2000.
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Numerical and Ray Tracing Studies

In preparation for the pulse compression experi-
ment, a numerical code has been developed to perform
ray tracing study of wavepacket in magnetized, inhomo-
geneous plasma. Alex Ryutov, a graduate student, has
made significant progress in developing such a code.
This research is necessary for the planning of the exper-
iments and the interpretation of data. A fully function-
ing 3D ray tracing computer code with full cold plasma
dielectrics has been developed at UCLA by Crowley and
Ryutov and partially funded by this grant. Future exper-
imental research will rely heavily on the use of this com-

puter code and the analysis of its results. Depending
on its frequency and its launching angle from ground,
the propagation path of a radio wave can be quite com-
plex and can lead to unexpected results. The ray tra-
jectory of the wave, or the direction of its group veloc-
ity, is influenced by refractive and reflective effects.
In particular, the refraction and reflection of a bundle
of obliquely launched rays of a given wave can lead to
the formation of the so-called "caustics" where rays are
horizontal and focusing of the wave energy can occur.
This can lead to enhanced heating effects.
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A femtosecond pulse shaper employs a silicon micro-
machined scanning mirror (mirror width ~ 700 microns,
2 degrees angular deviation) to obtain 10 ps temporally
scanned delay at - 100 Hz for 10 nm spectral bandwidth
in a compact geometry only 5 cm long. Scaling laws estab-
lish that a compact scanner can be made for Optical Coher-
ence Tomography applications provided methods to fabri-
cate wider, flatter mirrors can be developed. Curvature of
the scanning mirror due to residual stress in the gold-coated
polysilicon mirror acts as an undesirable dispersive filter
that broadens the optical pulses to 3.35 ps. The addition of a
convex achromatic lens adjacent to the scanning micromir-
ror will compensate for the mirror’s measured -3 cm focal
length. In addition, new mirror designs that should allow
for wider and flatter scanning mirrors has been submitted
to the MUMPS process for fabrication.

Introduction and Goals

This work focuses on experimental and theoretical
investigation of a Rapid Scanning Optical Delay line
(RSOD) based on femtosecond pulse shaping technol-
ogy[l]. We build and demonstrate a RSOD in the most
compact arrangement yet presented using small conven-
tional bulk optics combined with micromachined scan-
ning silicon mirrors. Our objective is to evaluate the com-
pact RSOD as a potential scanner tbr Optical Coherence
Tomography. Optical Cohereitce Tomography (OCT) is 
cross-sectional optical teu.!~nique tbr high-resolution clin-
ical imaging of microstructure in biological systems[2].
OCT performs spatially localized imaging by combining
coherent signal acquisition and joint time frequency analy-
sis of wide-band near IR radiation in a white light intert~r-
ometer. The technique requires a rapid (-1-2 kHz) scan-
ning optical delay (RSOD) in order to construct images 
4-8 Hz. The MIT group[3] introduced scanners based on
femtosecond pulse shaping technology that were originally
developed tbr femtosecond optical pulse diagnostics[1.4]
and have demonstrated quasi-real time OCT imaging with
a delay length of-3 ram.

We report here the development of compact RSOD
scanners that use, for the first time, silicon micromachined
scanning mirrors. Use of a micromirror opens the poten-
tial for a high speed, very compact, low mechanical vibra-
tion RSOD.

Micro-Electro-Mechanical-Systems (MEMS) is the
name that describes the application and development of
useful miniature machines fashioned from Silicon wafers.
These devices are typically smaller than 1 mm in scale but
considerable larger than the gate length of a state-of-the-art
MOSFET. One example of a micromachine that can per-
form useful work is the electrostatically movable micro-
mirror. For example a mirror, or arrays of mirrors, can be
configured to deflect an optical beam or introduce a phase
shift or bulk time delay along an optical path. Our long-
term objectives are to investigate new and useful ways of
controlling optical beams with micromachines for appli-
cations in biomedicine, optical switching for communica-
tions, dynamic adaptive optics, control of femtosecond opti-
cal spectrum, dynamic diffractive optics and a whole host
of yet to be invented devices.

This ILSA work focused on a compact scanner built
from a 600 lines/mm grating, a 2.54 cm focal length ach-
romatic lens and the micromirror as depicted in Figure 1.
We investigated this scanner’s potential for use in OCT by
employing ~20 nm bandwidth femtosecond pulses from a
KLM modelocked Ti:Sapphire laser, operating at 840 nm.
Actual operation as an OCT scanner would use a broad-
band superluminescent diode with as much as tour times
this bandwidth. The use of the narrower bandwidth from
the modelocked laser is useful tbr developing the scanner
and tbr establishing scaling taws.

Compact Rapid Scanning
Optical Delay Line Design

Our compact scanner uses a 600 lines/ram grating,
835 nm central wavelength with 25 nm bandwidth from a
modelocked Ti:Sapphire laser. The 2.54 cm local length
tff2 achromatic) determines the compact size shown in
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Grating Scanning Mirror

Figure 1. Schematic of double pass rapid scanning optical
delay line (DP-RSOD) with a silicon micromachined
scanning mirror.

-7.0

I

.~ 0.8

.~ 0.6

0.4

0.2

o ~,, i~,
-20 -15

Mirror angle (deg)
-3.5 0 3.5 7.0

i i i ~ i i

-10 -5 0
Time

i i I

5 10 15 20
Delay

Figure 2.30 ps measured time delay window with bulk
galvanometric mirror of a 180 fs wide correlation.

Figure 1. The small size (765 ~tm width) of the scanning
micromirror forces the choice of a short focal length lens
to ensure that the spatially spread spectrum does not over-
fill the scanning mirror. This produces a small scanner but
limits the temporal range of the scan. For a given set of grat-
ing parameters, the largest possible time scan is obtained
when the lens is the maximum diameter. The achievable
time delay can be seen from Figure 1 to arise from path-
length differences at the grating as the beam is moved later-
ally. As expected, small f-number lenses are desired. Addi-
tional requirements are that the beam spot size on the grat-
ing be much smaller than the lens diameter. This require-
ment is well satisfied when the confocal range is comparable
to the total path length within the pulse shaper.

Under the above conditions the time delay, is given
by:

taela,, = ALp.a, / c = 2 2 f2t°~
cdcosOa

(1)

where f is the lens tbcal length, 6 is the mirror deflection

angle, d is the grating groove spacing, and 0d is the diffrac-
tion angle. Where the mirror width, w, must be at least as

large as:

w = ./’ AA, / dcosOa, (2)

where k~. is the full spectral bandwidth. For the case of

applying micromirrors to an OCT scanner the spectral band-
width is very large and theretbre a short focal length is

required. This in turn obligates a large mirror scan angle and
the necessity for a large diameter lens.

Experimental Results with
Bulk Galvo-scanning Mirror

We assess the performance of the compact RSOD opti-
cal system using a conventional optical quality, large diam-
eter (-5 mm) mirror driven by a commercial bulk galvo-
nometer. Figure 2 shows a 30 psec measured time window.
The time window was measured by collecting the intensity
autocorrelation traces at various mirror angles. Each angu-
lar trace directly corresponds to a different time delay. The
seven 180 fsec FWHM intensity correlations show a delay
length of 9 mm over a mirror angular scan range, AS, of 14°.

Some lens aberration induced broadening begins to become
evident when the spectrum approaches the lens edge.

Introduction of a Silicon
IMicromachined Mirror

The surface micromachined mirror used in this system
is tilted out-of-plane on polysilicon hinges and is connected
to the supporting frame with torsional polysilicon beams.
These electrostatic mirrors have been demonstrated in a 2D
raster scanning system [5] and most recently in a scalable
fiber-optic switch [61. The micromirror used in this system
is rectangt, lar with an optical surlhce 765 lure by 500 pm
with a 50 nm aluminum coating. This micromirror has a
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Figure 3. Intensity autocorrelation trace of laser pulse
after passing through RSOD with silicon micromachined
mirror.

resonant frequency of 550 Hz and a measured range
of deflection of 16 degrees optical. Due to material-
strain gradients the micromirror has a measured convex
radius of curvature of 3 cm. This severe curvature
imparts on the optical field spectrum a quadratic phase
variation. The result- is broadening of the temporal
pulse upon exit from the DP-RSOD. Figure 3, shows a
3.35 psec FWHM intensity, quasi-realtime autocorre-
lation display, operating at 200 Hz. This result was col-
lected without corrective optics. The micromirror was
operated in its flatband region through a scan range, A5
of 2° and a total time delay of 10 ps was obtained. We
expect substantial improvements to the pulse width, by
correcting for the curvature of the micromirror, and
to the time window by operating the micromirror at
its resonant frequency to achieve a scan angle closer
to that of the bulk. Greater spectral bandwidth can

be achieved by moving to mirrors closer to 2 mm in
width.

Microphotonics, the application of MEMS technology
to optics, is still in still in its infancy. This investigation has
benefited microphotonics by subjecting the MEMS based
RSOD performance to the scrutiny and rigorous demands
of an advanced optical technology such as OCT. Mirror
optical quality; e.g. flatness, reflectivity, dynamic rigidity,
all must pass muster.

In the case of OCT it is quite possible that small moving
mirror galvanometers will be available in a package that
would make a more compact scanner viable in the near
future. Integration of a MEMS scanning device into a
single silicon bench remains a challenge. An abstract on
this work has been submitted to the Conference on Lasers
and Electro-optics (CLEO) 2000.
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Introduction

Rare earth doped glasses have long been of interest in
the field of optics as materials for optical device fabrication.
Incorporation of the rare earth ions into the glass matrix
produces energy levels that make the glass optically active
to laser light. Interaction between the material and laser
light occurs through transitions in the energy levels of the
rare earth ion. Photosensitivity of rare earth (e.g. Eu"+, Ce~÷)

doped glasses have been studied extensively, with empha-
sis on holographically writing Bragg gratings in glass fibers
and other waveguide devices using laser light. Bragg grat-
ings may function as filters, wavelength-selective switches,
and mirrors in laser waveguide devices. Mechanisms to
explain the refractive index change include local structural
modification of the glass caused by localized heating as a
result of excitation and nonradiative relaxation of the rare
earth ion, production of color centers due to trapping of
freed electrons, and densification of the glass material.

There have been several reports on photodarkening
observed when thulium doped ZBLAN and aluminosilicate
glass fibers were exposed to 1120 nm and 1064 nm laser light
respectively. This optical attenuation in the glass is believed to
be caused by a multiphoton (four or five photons) excitation
scheme from the =,ground state of the thulium ion. It is unclear
whether the production of color center defects in the glass results
from complete photoionization of the ion or the absorption by
the glass of UV photons from the relaxation of the excited thu-
lium ion. Color center production results in an induced absorp-
tion change in the UV region. According to the Kramers-Kro-
nig relations, a concomitant refractive index change can be
associated with the induced absorption change in the fiber. This
suggests that photodarkening may be a viable process tbr writ-
ing gratings in thulium doped glass materials.

Phosphate glasses possess many features that make
them ideal optical materials. They are transparent over a
wide range of wavelengths. Furthermore, they can readily
incorporate large quantities and varieties of rare earth ion
modifiers into the glass matrix, allowing tbr a wide range
of allowed glass compositions. The flexibility in choosing
the type and quantity of rare earth enables one to tailor

the material to fit specific physical, chemical, and optical
requirements. Phosphate glasses are currently being used in
high power lasers.

In our research, we did synthesis and characterization
of thulium doped lanthanum phosphate glasses and initial
optical attenuation experiments to test the photosensitivity
of these materials. Characterization techniques used include
electron microprobe analysis (EMA), x-ray fluorescence
spectroscopy (XRF), absorption spectroscopy, and 31p magic
angle spinning nuclear magnetic resonance spectroscopy
(31p MAS NMR) to determine the chemical, structural, and
optical properties of the materials. Photodarkening experi-
ments were performed on the bulk glass samples to achieve
absorption changes in the material and to determine any
associated refractive index changes

Experimental Procedure

Thulium doped lanthanum phosphate glasses were pre-
pared using similar techniques described elsewhere on the
production of lanthanum phosphate glasses. Powders of
P205, La203, and TmzO3 of 99.99% purity were mixed
together in desired proportions (80% P,O5, 20 (l-x)% LazO3,
20(x)% TmzO~ (x = 0, 0.I. 0.01, 0.001, 0.0001)) and 
heated at 700°C for 1 hour in a platinum crucible. The
batch mixture was then melted under atmospheric condi-
tions and held at 130C:’C for 5 hours. The temperature was
reduced to 1250° ,( prior to pouring the melt onto a brass
plate. The samples were annealed at 560°C tbr 1 hour and
allowed to cool slowly. Each sample was cut and polished
to achieve flat and parallel surfaces.

Glass compositions were determined using electron
microprobe analysis (EMA) and x-ray fluorescence spec-
troscopy (XRF). Absorption spectra of the glasses were
taken using a Perkin-Elmer Lambda 9 UV/VIS/NIR spec-
trometer to elucidate the energy transitions pertaining to the
thulium ion. Structural characterization on the glass sam-
ples was performed using solid state NMR spectroscopy to
determine the local structure of the phosphate glass. The
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glass was coarsely ground in a clean mortar and pestle and
passed through a 40 mesh size sieve. 3tp MAS NMR spectra
were collected on a Chemagnetics CMX 400 spectrometer
at 162 MHz with spinning rates of 12 kHz.

Optical attenuation experiments were conducted on 4
mm thick polished bulk samples using a Quanta Ray DCR
Nd:YAG laser emitting 5 ns pulses of 1064 nm light at a
10 Hz repetition rate. Pulse energies of 25 rnJ were used.
The beam was focused into the glass samples using a lens
with a 20 cm focal length, with the samples placed roughly
18-19 cm from the lens. The diameter of the focused spot
is estimated to be roughly 1 mm. The experiment was run
continuously for 3 hours. Absorption spectra of the glasses
were taken before and after the experiment.

Results and Discussion

Chemical Characterization

Table 1 lists the theoretically calculated and experi-
mental values as determined by EMA for the two glasses
with the highest thulium concentrations (samples 4 and 5)
as well as for the pure lanthanum phosphate glass (sample
i). The values avee reasonably well within experimental
uncertainties. It should be noted that the phosphorus con-
tent is lower than what is theoretically expected for all
samples due to" volatilization losses of P,O5 during the
melting process.

The concentrations of thulium in two of the glasses
(samples 2 and 3) were too low to be accurately detected
and measured using EMA, due to the detection limits of this
technique. X-ray fluorescence spectrsocopy (XRF) is more
sensitive to the presence of rare earth elements than EMA.
However, it does not give absolute values of concentrations;
only approximate amounts can be determined. Peak heights
obtained in the spectra corresponding to specific elements

are indicative of the amount of those elements present in the
sample. The intensity of a peak produced by a Ge target indi-
cates the amount of overall sample present. Comparing the
ratio of the Tm and Ge peaks for various samples can give
a good estimate of the relative abundance of thulium in
these samples.

Structural Characterization

NMR spectra of the highest thulium-doped glass
(sample 5) and undoped glass (sample 1) showed chemical
shifts for the undoped and doped glasses at -35.7 and -35.4
ppm respectively. Full width at half maximum (FWHM)
values are 16.3 and 42 ppm respectively. The chemical shift
values are the same within experimental uncertainties, lead-
ing to the conclusion that the phosphate structure does not
change with the substitution of thulium ions for lanthanum
ions. These values indicate the glass has chain-like Q2 phos-
phate groups. The broadening of the peaks in the thulium-
doped glass is due to the paramagnetic interaction with thu-
lium. It can be concluded that the other glasses with lower
thulium concentrations have the same structure as well.

Optical Attenuation Results

Absorption spectra for samples 1 and 5, indicated
that photodarkening in both glasses have occurred in the
spectral region from the UV to ~1000 nm. The change
in this spectral region is similar to previous published
reports on photodarkening in thulium doped fibers. The
magnitude of the absorption coefficient change is 1.24
cm~ at 400 nm. This corresponds to a transmission of
63.2% of incident light.

Previous published data showed induced absorption
coefficient changes of 0.092 cm~ at 400 nm corresponding
to 15.8% transmission. The higher transmission loss in their

Table 1. Theoretically calculated and experimental wdues as determined by EMA for the two glasses with the highest
thulium concentrations (samples 4 and 5) as well as for the pure lanthanum phosphate glass (sample 

P (at,~m %) II (att~m %) i.a (at,~m %) Tm fathom %)

Sample 1 Theoretical 24.24 69.70 6.06 0.0(1

EMA 23.64 69.41 6.95 0.00

Sample 4 Theoretical 24.24 69.70 6.1)1) 0.06

EMA 23.51 69.40 7.0() 0.1)9

Sample 5 ’l’het~rctical 24.24 6’).70 5.45 I).61

EMA 23.34 09.34 6.50 1).~2
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experiment despite a smaller induced absorption change is
due to their use of a 40 cm long fiber.

Based upon the results for both the doped and undoped
phosphate glasses, the presence of thulium is not essen-
tial for inducing absorption changes. A plausible explana-
tion may be that the repetition rate of the laser is not fast
enough to induce the multiphoton excitation process. Life-
times of the 3H4 and 3F4 levels are 1.12 ms and 6.5 ms
respectively (for a fluoride glass). Excited state absorption
(ESA) from these levels is required for the photodarken-
ing process. Due to the slow repetition rate of the laser,
decay from these levels may occur before the laser can
excite the ion upward from these levels.

Multiphoton ionization may be responsible for the
observed absorption changes in both glass samples. Due to
the tightly focused laser beam, the high intensity spot at the
sample may allow nonlinear optical processes such as mul-
tiphoton absorption to occur. The gap between the valence

and conduction band may be bridged this way. (The unfo-
cused laser beam did not induce any absorption changes
in our experiments). In fact, work has been done on focus-
ing infrared femtosecond laser pulses inside bulk glasses to
write waveguides. Production of long period fiber gratings
has also been achieved using this technique.

Summary

Thulium doped lanthanum phosphate glasses have
been synthesized and chemically, optically, and structur-
ally characterized. Photodarkening of the thulium doped
and undoped glasses has been achieved, with an absorp-
tion coefficient change of 1.24 cm-t at 400 nm. The pres-
ence of thulium has no role on the induced changes for our
experiments. A proposed multiphoton ionization due to the
high intensity laser pulse may explain the changes in the
absorption spectra.

92----’[ Institute for Laser Science and Applications Report 2000



UNIVERSITY COLLABORATIVE RESEARCH PROGRAM

Computational and Experimental

/Development of a Compton X-ray Source
LS99-006

Neville C. Luhmann, Jr., Principal Investigator, UC Davis
Fred V. Hartemann, Co-Principal Investigator, UC Davis

Collaborators:

T. Ditmire, LLNL; A. Kerman, MIT; C. Pellegrini, UC Los Angeles

Students:

Eric C. Landahl, James R. Van Meter, UC Davis

Compton scattering and high-gradient vacuum laser
acceleration are studied theoretically and experimen-
tally. The main thrust of this research program is the
development of a laser-driven, tabletop Compton X-ray
source for advanced biomedical applications. Our main
results in FY99 include the demonstration of a new tech-
nique for the precise rf tuning of a 5 MeV, X-band rf gun;
the development and benchmarking of a three-dimen-
sional laser focus code; the demonstration of vacuum
laser acceleration by coherent dipole radiation; the sto-
chastic electron gas theory of coherence in Compton
scattering; and the invention of a new concept for vacuum
laser acceleration: the chirped-pulse inverse free-elec-
tron laser (IFEL).

We are currently conducting an in-depth theoretical
and experimental analysis of the interaction between high-
brightness, relativistic electron beams, and femtosecond,
ultrahigh-intensity laser pulses. The two most important
geometrical configurations under investigation correspond
to Compton backscattering and high gradient, vacuum laser
acceleration.

The motivation behind this research program is two-
fold: first, tabletop, laser-based light sources hold the
promise to radically transform advanced biomedical appli-
cations, including innovative cancer research; e.g., 33.1
keV X-rays are used for high-contrast angiography by
imaging the K-edge of Iodine; at 1 Angstrom (12 keV),
protein crystallography is revolutionizing the pharmaceu-
tical industry by allowing the design of new drugs, as
exemplified by the protease inhibitors used to decrease the
viral load in HIV patients; in addition, a Compton light
source based on 200 MeV electrons can create 4 MeV
gamma-rays, reaching the threshold for pair-production
gamma absorption: these gamma-rays penetrate deeply
into high-Z materials and are extremely useful for defect
imaging of manuthctured components, and high-resolution
flash radiography; second, compact, high-brightness elec-
tron accelerators are needed for a wide variety of appli-
cations, ranging from coherent THz radiation to the Next
Linear Collider.

Within this context, we are developing two X-band
(8.548 GHz) rf photoinjectors, capable of producing high-
quality, relativistic electron beams, with extremely low emit-
tance and very high peak currents (typically, [ nC of charge
generated within 1 ps, producing 1 kA of peak current).
The first rf gun produces 5 MeV beams, which can gen-
erate water-window photons via Compton backscattering,
while the second system, a plane-wave transformer (PWT)
linac, generates 25 MeV electrons, capable of producing 1
Angstrom radiation. One of the most important experimen-
tal results achieved during FY99 is the precise, controlled
tuning of the 5 MeV rf structure, using a novel rf circuit;
with this technique, we have simultaneously achieved bal-
anced pi-mode operation of the gun, which is crucial for
producing high-quality beams, and critical coupling (with 
reflection coefficient smaller than 1/10,000,000).

The development of a laser oscillator specifically designed
to meet the stringent requirements of ultrahigh-intensity
Compton backscattering, including extremely low timing
jitter (< 100 fs), and excellent spatial and temporal beam
quality and control, has resulted in the demonstration of a
quantum-well AIGaAs semiconductor laser producing pulses
with 7 nm of optical bandwidth, at repetition rates ranging
between 0.595 GHz and 1.462 GHz, and externally mode-
locked to the rf gun fields. We have also commissioned a 10
fs Titanium:Sapphire laser oscillator, and are currently work-
ing On the laser pre-amplified, which will produce 1 mJ at a
repetition rate of 1 kHz.

Our main theoretical results include the development
and benchmarking of a three-dimensional laser tbcus code;
the demonstration of vacuum laser acceleration by coher-
ent dipole radiation, thus clearly defining the domain of
validity of the lawson-Woodward Theorem; the demonstra-
tion of vacuum ponderomotive scattering by a three-dimen-
sional electromagnetic field distribution exactly satisfying
the Lorentz-Coulomb gauge condition: the description of
coherence in Compton scattering in terms of a stochastic
electron gas model: the invention of a new concept for
vacuum laser acceleration: the chirped-pulse inverse free-
electron laser (IFEL~. This last innovation is being pat-
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Figure 1. Clockwise from upper left corner: 25 McV
X-band PWT; lO fs Titanium:Sapphire oscillator, 2nd-
harmonic autocorrelation; 1.462 GHz QW laser mode-
locking; 5 MeV X-band rf gun.

ented, and we have published a paper on this subject. The
main ideas behind the chirped-pulse IFEL are the follow-
ing: first, the use of an ultrashort drive laser pulse enchances
the interaction bandwidth and efficiency; second, the ultra-
high intensity increases the gradient to > 1 GeV/m; finally,
the chirp maintains the IFEL resonance, resulting in a high
energy gain.
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Abstract

Time-resolved x-ray scattering has been used toharac-
terize rapidly evolving material structures. Ultrafast detec-
tor technology was developed and implemented on a syn-
chrotron beam line. We studied melting of ultrashort-pulse-
laser-illuminated materials. Coherent phonons and bond
breaking were measured.

Goals

Recent developments in time-resolved x-ray diffraction,
using both synchrotron and laser-plasma based sources,
have led to the capability of directly observing structural
phase transitions, the motion of complex molecules, and
chemical reactions, on picosecond time scales. This has
resulted in a number of novel experiments, including the
investigation of short-pulse-laser irradiation of organic films
and ultrafast laser-induced phase transitions in semiconduc-
tors. In our program, we investigate x-ray diffraction from
laser-induced structural changes in materials. A bending
magnet beam line at the Advanced Light Source synchro-
tron produces light in a broad spectrum up to photon ener-
gies:of 10 keV. A Si (111) monochromator crystal selects
J single wavelength with a spectral bandwidth of l mA.
The diffracted beam is then directed onto a sample oriented
near the Bragg angle. We use a Ti:Al-’O’-based 150 fs, 1
KHz, 800 nm laser, synchronized to the individual electron
bunches within the synchrotron ring with jitter less than 5
ps. The laser is incident on the sample and overlapped in
both space and time with a single x-ray pulse. The time-
resolved x-ray diffracted intensity following laser excita-
tion is then measured using a streak camera detector trig-
gered by a GaAs photoconductive switch. A CCD camera
records the x-ray streak projected onto a phosphor screen.
All recorded data are averaged tbr a period of about 1 rain

which corresponds to 60,000 shots. The resulting temporal
resolution of the camera is 3 ps; this is monitored using
an ultraviolet femtosecond pulse split off from the main
pump laser.

The entire time history of the diffracted, signal follow-
ing laser excitation is measured at once, in contrast to more
typical pump-probe geometries.

Progress and Conclusions

At low laser fluences, impulsive excitation of a solid (in
our case, InSb) induces small-amplitude, coherent atomic
motion about equilibrium lattice positions. Above a critical
fluence, the lattice no longer coherently oscillates about this
equilibrium value, but instead is coherently driven into a
disordered state. This occurs on a time scale set by one-half
of a phonon period, at which point the average atomic dis-
placement is maximum for a given mode, in analogy with
the Lindemann criterion. Since the diffracted x-ray inten-
sity does not oscillate, this is indicative of a state for which
atomic motion with long-range coherence does not exist. In
other words, loss of coherence on fast time scales is an indi-
cation of disorder on fast time scales. As the crystal angle is
varied relative to the Bragg peak, phonons of differing wave
vectors q are probed; equivalently, dift~rent length scales are
being probed. Thus disorder develops over shorter length
scales (large q) in less time than longer length scales (small
q). One may observe a change in the diffracted intensity on
arbitrarily fast time scales by tuning the crystal angle suf-
ficiently far from the Bragg peak, presumably limited by
the time scale on which the lattice stress develops.

In InSb, we observed a 3 ps drop in the diffracted
intensity, faster than the thermal coupling time, and so
we conclude that the first step in the observed disordering
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transition at high laser fluence is the initial excitation of hot
carriers which subsequently drive large-amplitude, coher-
ent vibrational motion, a transition essentially nonthermal
in nature.

In this work, we have shown that time-resolved x-ray
diffraction is a useful tool in phonon spectroscopy and a
sensitive probe of electron-phonon coupling strengths. For
low laser fluences we measure oscillations in the x-ray dif-
fraction efficiency corresponding to coherent phonons at
frequencies up to 0.1 THz. At higher fluences a reversible
phase transition has been observed, driven by large ampli-
tude, correlated atomic motion, the first step in the approach
towards disorder.

Paper Published

A.M. Lindenberg, et al, Time-Resolved X-Ray Diffraction
from Coherent Phonons during a Laser-Induced Phase
Transition, Phys. Rev. Lett. 84, 111 (2000).
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Abstract

This grant supported a variety of activities aimed at
development of a high brightness rf photoinjector facility
Livermore to be used in tandem with the Falcon petawatt-
class laser system and an existing linac. The purposes of
this facility are to investigate ultra-short, mono-chromatic
x-ray production using Compton scattering, and develop-
ment of advanced acceleration techniques which use sub-
picosecond high power lasers, electron beams, and plasma.
The main research accomplished during the grant period
centered on construction, characterization and commission-
ing of a high gradient rf photocathode gun, with associated
magnetic optics components. Secondary goals dealt with
emittance measurements on space-charge dominated, pico-
second electron beams, and the synchronization of short
electron and laser pulses.

Scientific Goals

The primary goals of this grant were (a) to construct,
and prepare for implementation and measure-ment, a state-
of-the-art high-field rf photocathode gun, and (b) construct
associated magnetic optics for this device. Subsequent goals
intended for completion after the primary goals have been
achieved were to (c) study physics issues associated with
ultra-high current, low emittance electron beams, (d) study
physics and technology issues concerning integration of rf

photoinjectors and sub-picosecond lasers in the context
of Compton scattering and laser acceleration experiments,
and (e) design, and begin construction, of a bypass system
which will allow the coexistence of the photoinjector
source and the present thermionic electron source in the
Falcon-Iinac facility.

Progress Report

Considerable progress was made on this project in the
past year. Most significantly, a high power, 1.625 cell S-band
rf photocathode gun was constructed and commissioned.
The gun design was based on the "standard" UCLA/SLAC/
BNL gun which UCLA has now produced eight variants of,
with a ninth in production. What sets this gun apart was
the use of hot-isostatic pressure (HIP) processed copper,
which allows removal of the boundaries between copper
crystal grains. The gun parts were machined at UCLA at
the Physics machine shop, which has considerable expertise
in copper machining of rf components. The rf cold test mea-
surements and tuning cuts on the partially-brased structure
were performed by LLNL PI Greg Le Sage and UCLA col-
laborators at UCLA using existing UCLA equipment and a
new network analyzer acquired for the project. The brazing
was performed at a private company. The resulting gun was
tuned tbr high Q, field balance and external coupling as well

Figure 1. Experimental arrangement for rf gun commissioning and initial Compton scattering measurements.
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or better than all previous versions of rf gun at produced
UCLA. The gun has been installed at the Falcon-linac facil-
ity, and conditioned to full power (>6 MW). Initial bunches
of photo-electrons have been emitted from the gun and
observed on optical diagnostics.

The yoke for the magnetic focusing solenoid at gun
exit was also manufactured in the UCLA shop and deliv-
ered to LLNL. Steering magnets and focusing quadrupoles
for initial commissioning experiments at LLNL are pres-
ently being shipped from UCLA. A_drawing of the experi-
mental arrangement for the commissioning measurements
is shown in Figure 1.

The emittance measurements in these commissioning
experiments will be performed in two ways. The first is to
use the emittance slit mask technique pioneered at UCLA,
in which the space-charge dominate beam is sliced up into
narrow, emittance-dominated beamlets by a slit array, and
analyzed downstream to give a shot-by-shot reconstruction
of the transverse phase space. A copy of the UCLA hard-
ware has been purchased and assembled at LLNL by Greg
Le Sage. The Labview software written at UCLA for analyz-
ing the data in this experiment has been installed on a LLNL
data acquisition computer.

The second emittance measurement technique to be
used in characterizing the beam after the rf gun is the
quadrupole scan. We plan to compare the results of the

quad scan and slit techniques, both of which have pecu-
liar challenges due to the strength of the "polluting"
space charge forces at low energy (-5 MeV). In the case
of the quad scan, we plan to show that the emittance
measurement actually only produces information about
the beam plasma frequency, not the phase space density.
The emittance measurements will be performed with the
aid of UCLA student Scott Anderson -- the results will
form a component of his PhD thesis.

The design of the Compton scattering experiment, as
well as the bypass and matching optics that will allow
the integration of the rf gun into the positron production
linac at the Falcon facility, is now proceeding at LLNL
and UCLA. Details of the timing issues associated with
colliding sub-picosecond laser and electron pulses at this
facility were examined, written up, and submitted for pub-
lication. Mechanisms for synchronization of such pulses
based on chicane compressors for electrons and a newly
proposed analogous path-length adjustment device have
been identified in this work.

Papers

J. B. Rosenzweig and G. Le Sage, Synchronization of Sub-
picosecond Electron and Laser Pulses, to be published in
the Proceedings of the 1998 Advanced Accelerator Con-
cepts Workshop.
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The objectives of this research program which has been
supported by the ILSA ~ant include theoretical and compu-
tational studies related to incoherent Thomson scattering (TS)
experiments. Specific research objectives are:

Theory of Thomson scattering cross-section in high-Z
plasmas accounting for plasma inhomogeneity, non-
Maxwellian distribution functions.
TS as a diagnostic of the heat conductivity in classical
and nonlocal regime.
Feasibility study of x-ray Thomson scattering in dense
plasmas.

During the heating of the Au disk we find an electron tem-
perature gradient with a scale length ofLr = 800 - 1800 pm.
At the end of the heating the corona quickly becomes iso-
thermal. The flow gradients are in the range of Lv = 400 -
800 tam [1,2].

Detailed scattering spectra have been reproduced using
generalized TS cross section for the scattered power, P,
into a solid angle df2 per frequency range d6o [3],

d~ _ fl, " 02 ro idxS (k,m; x)n~ (x)Id2r± cE2--°-(r),
dD.dco 2~

The progress that has been made in meeting each of
the above research objectives is detailed below.

Theory of Thomson Scattering Spectra in
High-Z Plasmas

Thomson scattering has recently been introduced as
a fundamental diagnostic of plasma conditions and basic
physical processes in dense, inertial confinement fusion
plasmas. Experiments at the Nova laser facility have dem-
onstrated accurate temporally and spatially resolved char-
acterization of densities, electron temperatures, and aver-
age ionization levels by simultaneously observing Thom-
son scattered light from ion acoustic and electron plasma
(Langmuir) fluctuations.

A high temperature plasma corona was produced by a
single 36o Nova beam which irradiated a gold disk target.
A high energy 26o TS probe was used to produce scatter-
ing signal from ion acoustic and electron plasma fluctua-
tions. In addition, a low energy 46o TS probe was used to
characterize the coronal temperature and flow gradients of
the plasma which is critical to validate cross-section cal-
culations tbr the analysis of Thomson scattering spectra.

where ~i(i=1,2) are polarization vectors defining the
directions of the Thomson probe electric field E0 and of
the scattered light detection; ro = e2/mc2. The dynami-
cal form factor, S(k,6o;x) has been calculated locally to
account for the spatial variations of ne, T, and V along
the direction x, normal to the disk. It further includes
collisional effects [4], super-Gaussian electron velocity
distribution functions, and Spitzer-Harm electron trans-
port. Ion-ion collisions are a dominant mechanism of
ion wave damping in these high-Z plasmas. The width
of ion acoustic resonances is due tc:’flow and tempera-
ture inhomogeneities which are c,~nsistent with 46o probe
measurements

Using Eq. (1) in the analysis of Langmuir and ion-
wave spectra we have found the averaged charge number
Z with high spatial and temporal resolution. Our analy-
sis have clearly demonstrated the importance of dielec-
tronic recombination in these cooling high-Z plasmas.
These results are important to understand the x-ray
drive in inertial confinement fusion hohlraum plasmas
where radiation-hydrodynamic modeling using an aver-
aged atom model overestimates the radiation production
at late times when the heater beam turns off.
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Theoretical model of the TS data has been applied in
studies of aluminium x-ray spectra [5] and in benchmark-
ing of plasma radiation-hydrodynamical modeling [6].

Heat Flux Measurements Using
Incoherent Thomson Scattering

Experimental TS spectra often show a peak asymme-
try in the ion feature corresponding to ion acoustic fluctua-
tions propagating in the opposite directions. One possible
source of this asymmetry is a presence of a heat flux. A
current free plasma carrying a heat flux will have a skewed
"return current" distribution in velocity space. The sound
waves propagating in the direction of the temperature gradi-
ent (and opposite to the direction of the heat flux) will have
a reduced Landau damping and can become even unstable
for large enough heat fluxes q = n TC.

We have first developed the TS cross section theory for
the nonequilibrium plasma where electrons are described
by the perturbed Maxwellian distribution function. The
deviation from a Maxwellian corresponds to the heat fluxcarried by electrons at velocities "o - 3.5"ohe and to the

return current of slow electrons. This distribution function
has been obtained from the perturbative solution to the
kinetic equation in the approximation equivalent to Spitzer-
Harm transport theory and therefore it is valid for very
long temperature gradient scale length LT,~ei <0.01LT,
where kei is an electron-ion mean-free-path. Calculations

of ion acoustic fluctuation levels in such a plasma include
ion-ion collisions and lead to good agreement with mea-
sured TS spectra [1].

Often in laser heated plasmas the gradient scale
length is approaching values comparable with particle
collision mean-free-path. In particular this is the case
of gold plasmas described in Ref. [1] later in time when
the main heater beam is switched off and the intense 2-6o
Thomson probe starts to heat the plasma. We have used
results of the nonlocal transport theory [7] to derive
perturbed electron distribution function describing heat
flow and the return current of electrons in this regime.
By limiting a heat flux the nonlocal transport theory
decreases return current of cold electrons and reduces
an asymmetry of ion acoustic peaks in the TS spectrum.
This also results in the higher threshold for the return
current instability as compared to Spitzer-Harm trans-
port predictions.

Using this theory we have identified the threshold tbr
the return current instability due to localized heating from
the changes of the ion acoustic peak asymmetry with probe

intensity in the TS spectra. Such an instability may pro-
duce level of fluctuations which could explain an enhanced
absorption of the laser light observed in recent experiments.
Preliminary data from this ongoing project have been pre-
sented at the IFSA99 conference in Bordeaux.

X-ray Thomson Scattering
from Dense Plasmas

We have shown that x-ray Thomson scattering (TS) uti-
lizing an existing table top x-ray laser [8] as a probe can
be a useful and feasible diagnostic of dense hot plasmas.
Feasibility of the TS experiment from the plasma produced
by an ultra short laser pulse is analyzed. Plasma param-
eters are modelled using Lasnex code. They are used in
detailed calculations of the TS cross-sections which are
compared with bremsstrahlung emission levels. Necessary
instrumental resolutions and sensitivities are defined for
measurements of electron temperature and density fluctua-
tions. This research was partly conducted as a summer proj-
ect of Christian Andersen in collaboration with H. Baldis,
M. Foord, and J. Dunn.
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During the past year, we have begun to test a new three
dimensional particle-in-cell (PIC) code, we have continued
to develop a variational principle formalism for analyzing
the evolution of finite width short-pulse lasers propagating
in underdense plasmas, we have extended the variational
principle to describe the evolution of single speckles of
longer pulse lasers, and we have initiated PIC simulations

of the coupled 2Wp and Raman scattering instability for
short-pulses. The new code appears to be working and we
have another 3D PIC code to compare results against. The
variational formalism was extended to include dispersive
terms and the full nonlinearities for short-pulse lasers. The
long wavelength hosing described last year was published in
Phys. Rev. Lett. and a long paper describing the details of
the variational principle has been accepted in Phys. Rev. E.

Code Development

Roy Hemker has continued his development of an object
oriented parallelized 3D PIC code. He has been supported
on another contract. The code is currently working and
Brian Duda has begun to learn how to run the code. During
the past six months we have begun to study the coupled two-
plasma decay and Raman scattering instabilities as well as
relativistic self-focusing.

A Variational Principle Approach
to Laser-Plasma Interactions

During the last year, Brian Duda developed a varia-
tional principle formalism for describing the evolution of
short-pulse lasers propagating in underdense plasmas. This
approach extends the work of Anderson and Bonnedal [11 to
include Raman scattering and self-phase modulational type
instabilities. The starting point are the by now well estab-
lished model equations for describing the evolution of short-
pulse lasers in plasmas,

-2ico°or a =--~-_- (1- ~O)aVl c a~,a~
c

Ia~_, + OJp2]¢=COp "1a12-4

where a is the normalized complexenvelofe of the laser, f
is the scalar potential, and ~ = t - --, "r = --

C ¢

are the speed of the light frame variables. These equations
can be obtained from the requirement that the action, S = J
dxxd~gdxL be stationary, where

L(a,a’,O)= V ± a. V ± a" -i ~(ab,a" -a*O,a)

2 2 C~p2 ~ ~ 2 ,
-c(~) + 2-7-~- --2~-, (~-t>r

In the variational approach, carefully chosen trial func-
tions, which have slowly varying parameters such as a spot
size, a transverse centroid, a radius of curvature, and a com-
plex amplitude, are substituted into S and the d¢± integration
is pertbrmed. Requiring that the resulting reduced action
be stationary results in coupled envelope equations tbr the
slowly varying parameters. Last year, the above Lagrangian
density was used to investigate whole beam instabilities such
as hosing and spot-size self-modulation.

During the past year, the effects of dispersion were
included into the variational formulation, and the work
was extended to include fully nonlinear effects. The
Lagrangiann density with dispersion is

c(...’,0) +

-i a~ ra" - a*~ ra - ~ ,~, q) -r _ .---r- ta

%( (,p- l)l.(
C-
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The growth rates and dispersion relations for hosing,
symmetric envelope self-modulation, and asymmetric
envelope self-modulation were calculated.

It was found that symmetric envelope self-modulation
couples to traditional 1D forward Raman scattering, while
the other two instabilities do not. The effects of this cou-
pling were examined for a range of spot-sized, extending
from the fully 3D regime, to the large spot size regime. It
was found that as the initial spot size approaches infinity,
the changes to laser intensity due to changes in the power
are comparable to the changes caused by modulations to
the spot size. We are currently trying to understand this
result, as it disagrees with what we expected; that is, that
the spot size modulation would asymptote to 0, as the spot
size is increased. The work on dispersion is currently
being written up for publication.

In addition, a variational principle for the fully non-
linear cold-plasma equations was derived which is ame-
nable to the use of trial functions. The use of trial func-
tions simplifies the analysis when the integrations can
be carried out in the transverse coordinates. In order
to carry out the transverse integrations, it is desirable
that the action be written in a form that contains no
square roots, or rational forms, i.e., it should be a poly-
nominal. It is possible to construct such an action when
working with the proper density, rlp = 11/~.. The appro-
priate action is

Here qp is the proper density, and Pc = Vx is the
canonical meomentum. A multiple-time scale analysis
was performed on this Lagrangian, and it was shown
to reduce to our previous Lagrangian in the appropriate
limit. This calculation was also carried out in coordinates
moving with the group velocity of the pulse, which allows
one to optimally include the dispersive effects for short
pulses, and also allows for analytic progress to be made
toward soliton and stable 3D solutions. We are still work-
ing to identify appropriate parameters tbr 3D PIC simula-
tions for these effects.

Long Wavelength Hosing

Last year we described how by linearing the coupled
envelope equations obtained from the variational principle

of formalism, we identified new long wavelength hosing
and spot size modulation instabilities. During the first part
of this year, we finished writing up these results and submit-
ted the paper to Physical Review Letters. The paper has
now been published [2].

2wp Simulations

Last year we carried out LASNEX simulations to
find the scalelengths of exploding foils when the peak
density falls through n J4. This work was done by the
LLNL Collaborator, Dr. Chris Decker. The simulations
show that irradiating a 1 lam thick tungsten foil with a
5 x 10t~W/cm-’, 1 ns pulse gives a 50-60 lam long flat
top density regions which lasts for about 50ps. We have

begun to carry out 3D PIC simulations of 2COp for appro-
priate scalelengths.

Forward SBS and Self-Focusing

We have applied the variational principle formalism
to the coupled forward Brillouin scattering/ponderomotive
self-focusing instability. In particular, we have studied
the stability of a single speckle of an ICF type of beam.
We find that such a speckle is susceptible to various spot-
size self-modulation and hosing instabilities with longitu-
dinal wavelengths longer than the spreckle length. There-
fore these instabilities will provide a means of interaction
between speckles.

The starting equations for this problem are

~71- -- :

¢

where c is the ~ound speed and V±2O = ni is the ion den-
sity These equations can be derived from the following
Lagrangian density,

L = V ±a. V La’+ia3o(aara’-a’Ora)-VL(~.V,aa*

’

As before, we can derive envelope equations for the
spot-sizes and amplitudes of the ion wave and the laser
by substituting in appropriate trial functions in L and
integrating in the transverse coordinates.

Institute for Laser Science and Applications Report 2000 /~3



FUNIVERSITY COLLABORATIVE RESEARCH PROGRAM
Three Dimensional Particle-in-Cell Simulations of Intense Lasers
Propagating in Underdense Plasma Near Quarter Critical Density

We find two distinct instabilities. One is completely
analogous to the short-pulse hosing instability and it is
described by the following equations

where P 27 a-o90-- is the power normalized to the
P~ 1024 cs2

critical power for ponderomotive self-focusing.
The other is analgous to the short-pulse spot-size

self-modulational instability and it is described by the
following three coupled equations:

I-’1

+3/1-1P/ogal~/----/ 5 P Iar2o9al
zm2L 6PcJ -7 g z~%t

d~,’r-%t" "-7---lO Cs: "~-3 c’2 ( p@c)- ¢91+~ o9o~_%~ 2 COo,.
10 c,: "01 ---S Cs= a P c/ %,-ogol’t

l3 coo2o9al +3o9o201 16 P o)o2

There are other 3D instabilities which are analo-
gous to the short-pulse asymmetric spot size self-modu-
lational instabilities.
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We have carried out exploratory studies of the thermal
equation of state, crystallographic and melting transitions,

and electrical conductivity of H20 at high pressures and
temperatures (10’°-10" Pa and 300-3000 K range) in order 
complement recent and ongoing measurements using laser-

driven shock waves. The properties of H20 at high pres-
sures are of wide-ranging interest across many disciplines,
from chemical physics to geophysics and planetary science
(e.g., Fei, et al., 1993; Loubeyre, et al., 1999).

Our approach is to use the laser-heated diamond cell,
which offers the most extensive range of static measure-
ments to help interpret the results of dynamic experiments.

Chemical reactivity makes it difficult to study H20 at high
P and T under static conditions, however, as the sample is
found to react chemically with most anvil, gasketting and
calibration materials (e.g., oxides and metals). Hence, there
is an advantage to using the temperature gradients typical of
the laser-heated diamond cell (Manga and Jeanloz, 1998), 
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Figure 1. X-ray diffraction patterns (~’H:O Ice Vll at pressures between 20 and 30 GPa ([110] and [111] peaks
indicated), measured in-situ with synchrotron radiation, beJ?)re (dotted), during (solid) and after (dotted) heating. 
data were obtained at the Advanced Photon Source (Argonne National Laboratory) using two-sided, cw YLF-laser
heating, with pressures determined by an internal calibrant (Pt) and radial temperature distrihutions measured 
spectroradiometr?.’. "Temperatures within the hottest zone exceed the melting point of H.,O (mi&tle two panerns): the
crystalline (diffracting) region ()]’the sample is at much lower temperantres (-600-750 K). The d(ffraction patterns
confirm the identity of the crystalline phase coexisting with liquid H,O at high pressttres. When properly interpreted
in terms of the temperature distribution and melting temperature qf the sample, these provide thermal equation qf state
measurements o)" the crystalline phase. All diffraction peaks can he explained in terms qf the sample, calihrant aml
gasket, with no evidence t(any reaction prtJducts.
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these allow the hot portion of the sample (e.g., fluid H20) 
be surrounded by colder sample material, thereby minimiz-
ing the chances of spurious reactions between the sample
and its surroundings.

Figure 1 shows a subset of x-ray diffraction pat-
terns of partially molten H20 at pressures between 20
and 30 GPa, obtained in-situ (at high P and T) using
synchrotron methods along with a laser-heated diamond
cell. Except for the isothermal runs at 300 K (before
and after heating), the quoted temperatures correspond
to the hotter region within the sample, and are known
to be above the melting temperature of H20. A detailed
analysis of the temperature distribution makes it pos-
sible to infer the temperature of the crystalline sample
(which gives the x-ray pattern) to within _+100-300 
(Manga and Jeanloz, 1998), and this is checked by vary-
ing experimental conditions. For example, heating is
performed with TEM0o (Gaussian) or TEMoL* ("dough-
nut") modes of the laser, and the modeling of each
reveals the sample’s 3-D temperature distribution and
temperature-dependent thermal conductivity at high
pressure (Panero, et al., 2000).

One of the key conclusions from our test runs is that
it is possible to obtain measurements on HzO under static
high pressures and temperatures without any evidence of
contamination. The results allow us to identify the crystal-
line phase coexisting with fluid H20 at 20-30 GPa as being
Ice VII, in good accord with previous experiments at lower
pressures (Fei, et ai., 1993). Furthermore, it is possible 
obtain thermophysical data, with densities sufficiently well
measured to obtain thermal expansion coefficients and bulk
moduli as a function of pressure and temperature. A fit to
the data yields a value a - 25 (_+ 5) x .5 K-L for the high-
temperature thermal expansion coefficient at 20-30 GPa.
This is in general accord with prior results (Fei, et al., 1993),

except that we infer somewhat higher melting temperatures
than previously reported (as also suggested by Datchi, et
al., 2000). Electrical conductivity measurements repro-
duce known values at low pressures, and the minimization
of chemical reactions supports extending this approach to
pressures in the 20-80 GPa range.
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Abstract
We implemented a new x-ray beamline at the

Advanced Light Source Synchrotron at LBNL This beam-
line is dedicated to time-resolved x-ray scattering spec-
troscopies of laser-illuminated materials. Time-resolved
x-ray diffraction with picosecond temporal resolution was
used to observe scattering from impulsively generated
coherent acoustic phonons in laser-excited InSb crystals.
The observed frequencies and damping rates are in agree-
ment with a model based on dynamical diffraction theory
coupled to analytic solutions for the laser-induced strain
profile. The results are consistent with a 12 ps thermal

electron-acoustic phonon coupling time together with an
instantaneous component from the deformation-potential
interaction. Above a critical laser fluence, we show that the
first step in the transition to a disordered state is the excita-
tion of large amplitude, coherent atomic motion. Addition-
ally we observed coherent control of laser-excited strain
waves in InSb material by using a timed-array of short laser
pulses. Finally, we implemented a new program in warm
dense matter, and observed laser-heated Si, where we see
changes in L-edge absorption features of material warmed
impulsively to about 1 eV.
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Figure I. (left) Sinusoidal rnodtdation of x-ray diffractimt by coherent acoustic phonons measured at 40 arc’see a’,~.’cta,’

from the (11 l) Bragg peak of htSb. The inset shows the phonon frequencies measttred at different an~,tdar deviations
frmn the Bragg peak (right). At higher fluence, rapid disordering is indicated hv the prmnpt drop in the dtiff)’acti(m
~:~ficiency and absence of vibrational coherence.
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Scientific Goals

The goals of the project were to develop the capability
for time resolved x-ray scattering studies, and to study mate-
rials in the range of one-photon-absorbed per unit cell. This
energy deposition leads to high-pressure, propagating strain
waves, structural phase transitions, and opacity changes in
the x-ray spectrum. It is the goal of our work to understand
these processes and their inter-relation.

Progress and Conclusions

A fully functional x-ray beamline was established, with
a laser system synchronized to synchrotron x-ray pulses,
and an x-ray streak camera detector with picosecond resolu-
tion. Experiments were performed on coherent strain wave
propagation in materials, melting of materials using ultra-
short pulse lasers, coherent control of strain waves in mate-
rials, and edge absorption shifts in rapidly heated materials.
We observed both thermal and non-thermal components in
laser-induced disorder in materials, and have shown that it
is possible to control strain in materials through a multiple
pulse laser pulse sequence.
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Fi,q, ure 2. Change in absorption coefficient in a heated,
lO0-nm thick Si foil. We are beginning to model this
system, and the explanation ¢~’the first results, shown in
Fig. 2 are in qualitative agreement with a model qf’carrier
excitation above the edge and carrier depletion below the
edge. upon laser-excitation.

The major results of this study are in Phys. Rev. Lett.
84, 11 (2000). Perhaps the most interesting results are
shown in figure 1, which indicates the oscillation of x-ray
diffracted signal from a particular phonon frequency asso-
ciated with the intense strain wave induced by an ultrashort
pulse laser incident on InSb, and then the disorder induced
by the laser as the intensity was increased.

Results from the warm dense matter work are currently
being written up for publication. Initially we see changes
in the L-edge absorption in laser-heated Si foils at tempera-
tures of about 1 eV. The difference in the edge absorption,
over a 320 picosecond period are fairly constant, and shown
in figure 2.

Papers in preparation, describing additional work on
our beamline and involving the same participants, include
coherent control studies and work on time-resolved x-ray
measurements of polaron dynamics of charge-ordered Ndl
/ 2Srl / 2MNO3.

Papers Published

A.M. Lindenberg, I. Kang, S.I. Johnson, T. Missalla, P.A.
Heimann, Z. Chang, J. Larsson, P.H. Bucksbaum, H.C.
Kapteyn, H.A. Padmore, R.W. Lee, J.S. Wark, R.W. Falcone,
Time-Resolved X-Ray Diffraction from Coherent Phonons
during a Laser-Induced Phase Transition, Phys. Rev. Lett,
84, 111 (2000).

Conference Proceedings

P.A. Heimann. T. Missalla, A. Lindenberg, I. Kang, S. John-
son, Z. Chang, H.C. Kapteyn, R.W. Lee, R.W. Falcone, R.W.
Schoenlein, T.E. Glover, A.A. Zholents, M.S. Zolotorev, and
H.A. Padmore, Time-resolved X-ray Photoabsorption and Dif-
fraction on Timescales From~ns to fs. in X-ray and Inner-shell
Processes, AIP cont~renq~. proceedin,,s, 506. p. 664-668.
P.A. Heimann, T. Missafla, A. Lindenberg, I. Kang, S. John-
son, Z. Chang, H.C. Kapteyn. R.W. Lee. R.W. Falcone, R.W.
Schoenlein, T.E. Glover. A.A. Zholents. M.S. Zolotorev, and
H.A. Padmore, Time-resolved X-ray Photoabsorption and
Diffraction on Timescales from ns to fl’, in National Syn-
chrotron Radiation Instrumentation. Stantbrd, CA., Octo-
ber 13-15. 1999.
P.A. Heimann, A.M. Lindenber- I. Kang, S. Johnson, T.
Missalla. Z. Chang, R.W. Falcone. R.W. Schoenlein. T.E.
Glover, and H.A. Padmore, U/trafitst X-ray Diffraction
of Laser-irradiated Crystals. in Nuclear Instruments and
Methods A (to be published).
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List of Talks
(by R. Falcone except where noted)

Harvard University, Division of Applied Sciences Semi-
nar, October 1999, Cambridge, MA., Time Resolved X-Ray
Scattering Studies of Materials Dynamics.
National Synchrotron Radiation Instrumentation Confer-
ence, Stanford, CA., October 1999, Time-resolved X-ray
Photoabsorption and Diffraction on Timescales from ns to
fs, (P. Heimann).
LLNL Materials Research Institute, November 1999, Liver-
more, CA., Picosecond X-Ray Scattering Studies of Materi-
als Dynamics.
Princeton University, Department of Mechanical and Aero-
space Engineering Seminar, November 1999, Princeton, NJ.,
Time-Resolved X-Ray Diffraction and Material Dynamics.
Basic Energy Sciences Advisory Committee Review of the
LBNL Advanced Light Source, February 2000, Berkeley,
CA., Coherent Phonons in Semiconductors.
APS March Meeting, March 2000, Minneapolis, MN, "Ultra-
fast time-resolved x-ray measurements of polaron dynamics
of charge-ordered Ndl / 2Srl / 2MNO3" (I. Kang).
UC Berkeley, Physics Department Colloquium, April 2000,
Berkeley, CA., Laser-Induced Material Dynamics.
International Workshop on Warm Dense Matter, Vancouver,
Canada, May 2000, Time-resolved X-ray Measurement of
Warm Matter Using Synchrotron Radiation, (P. Heimann).
QELS 2000, May 2000, San Francisco, CA., Time-resolved
X-ray Measurements of Polaron Dynamics of Charge-
ordered Ndl / 2Srl / 2Mn03, (I. Kang).
Twelfth International Conference on Ultrafast Phenomena,
July 2000, Charleston, SC, Time-resolved X-ray Measure-
ments of Polaron Dynamics of Charge-ordered Ndl / 2Srl
/2Mn03, (I. Kang).

7th International Conference on Synchrotron Radiation
Instrumentation, Berlin, Germany, August 2000, Ultrafast
X-ray Diffraction of Laser-irradiated C~stals, (P. Hei-
mann).
LBNL Scientific Support Group Seminar, September 2000,
Berkeley, CA., Time-Resolved Spectroscopy.
European Conference on Lasers and Electro-Optics, Sep-
tember 2000, Nice, France, Time-Resolved X-Ray Scatter-
ing from Ultrashort-Pulse Laser Illuminated Materials.
Laboratoire d’Optique Appliquee-ENSTA, September 2000,
Palaiseau, France, Time-Resolved X-Ray Scattering.
University of Oregon, Physics Department Colloquium,
October 2000, Eugene, OR., Ultrafast Laser Induced Mate-
rial Dynamics.

Workshop on Detectors for Synchrotron Research, October
2000, Washington, D.C., Ultrafast Dynamics in Solids.
LBNL Advanced Light Source Users’ Meeting, October 2000,
Berkeley, CA., Time-Resolved X-Ray Scattering Studies.
3rd International Swiss Light Source Workshop, October
2000, Les Diablerets, Switzerland, Ultrafast Time-resolved
X-ray Diffraction Studies of Lattice Dynamics in Solids,
(S. Johnson).
LBNL Science Policy Board Meeting, December 2000,
Berkeley, CA., Femtosecond Science.

Poster Papers

Eighth International Conference on Electronic Spectros-
copy & Structure, Berkeley, CA., August 2000, Ultrafast
Time-resolved X-ray Measurements of Polaron Dynamics
of Change-Ordered Ndl / 2Srl / 2Mn03, (S. Johnson).
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Three Dimensional Particle-in-Cell Simulations
of Intense Lasers Propagating in Underdense

Plasma Near Quarter Critical Density
LS00-003

Warren B. Mori, Principal Investigator, UC Los Angeles

Chris Decker, Co-Principal Investigator, LLNL

Collaborators:

C. Ren, UC Los Angeles

Student:
Roy Hemker, Brian Duda UC Los Angeles

During the first six months this grant supported a
student, Roy Hemker, for code development, and during
the past year it has supported a new student, Brian Duda.
This multi-year project will constitute a large fraction
of Brian’s Ph.D. research. During the first 18 months
of this project, we have made considerable progress in
several areas. These can be summarized by the follow-
ing list of major accomplishments:

Code Development

During the past year Roy Hemker has continued his
development of an object oriented parallelized 3-D HC
code while being supported on another contract. The
code is currently working and Brian Duda has begun to
learn how to run the code. During the next six months,
we will begin to use this multi-dimensional code study
the coupled two-plasma decay and Raman scatttering
instabilities, as well as relativistic self-focusing. Fur-
thermore, we will use the PIC code to study the cou-
pled self-modulational processes that we have discov-
ered using the variational principle described next. The
code is already being used to study the generation of
single cycle pulses via photon deceleration.

A Variational Principle Approach
to Laser-Plasma Interactions

During the past year, Brian Duda developed a
variational principle formalism for describing the
evolution of short-pulse lasers propagating in under-
dense plasmas. This approach extends the work of
Anderson and Bonnedal [17] to include Raman scat-
tering and self-phase modulational type instabilities.
The starting point is the by now well established
mode[ equations for describing the evolution of short-
pulse lasers in plasmas,

where a is the normalized complex envelope of the laser,
is the scalar potential, and g = t-~, r =-~ are the speed of

light frame variables.
These equations can be obtained from the requirement

that the action, s= fc&zdqtctTLbe stationary, where

L(a,a*,¢)= V ±a. V ±a*-i~S-(a3za*-a*3va)
9 2 (02 .~ ~ -,

- c(r)¢O) = +2 ---~--P~ ----4-P, (~-1)la["C" C"

In the variational approach, carefully chosen trial functions,
which have slowly varying parameters such as a spot size,
a transverse centroid, a radius of curvature, and a complex
amplitude, are substituted into S and the d~±integration
is performed. Requiring that the resulting reduced action
be stationary results in coupled envelope equations for the
slowly varying parameters. Last year, the above Lagrang-
Jan density was used to investigate whole beam instabilities
such as hosing and spot-size self-modulation. Using the
variational principle approach, we identified new long wave-
length hosing and spot size modulation instabilities which
can occur at or above quarter critical density. These insta-
bilities grow as exp [{(P/P)(kc/w )p" Z/ZR] where P/Pc 
the laser power to the critical power tbr self-focusing, k is the
wavenumber of the instability, z is the distance the laser has
propagated into the plasma, and zR is the Rayleigh length.
These instabilities are whole beam analogs for relativistic
selt:phase modulation and filamentation. We have also stud-
ied asymmetric sel f-tbcusing and asymmetric envelope self-
modulation. These results indicate that under appropriate
conditions, i.e., P/P >3. any asymmetry will be reinforced.
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Recently the effects of dispersion were included into
the variational formulation, and the work was extended to
include fully nonlinear effects. The Lagrangian density
with dispersion is

L(a,a*,~) = V xa. V 

-l(a~aara* + a~a*aTa)

-i-~-(aa~a* * 2 

The growth rates and dispersion relations for hosing,
symmetric envelope self-modulation, and asymmetric enve-
lope self-modulation were calculated. It was found that
symmetric envelope self-modulation couples to traditional
1D forward Raman scattering, while the other two instabili-
ties do not. The effects of this coupling were examined for
a range of spot-sizes, extending from the fully 3D regime,
to the large-spot size regime. It was found that as the initial
spot size approaches infinity, the changes to laser intensity
due to changes in the power are comparable to the changes
caused by modulations to the spot size. We are currently
trying to understand this results, as it disagrees with what
we expected, that is that the spot size modulation would
asymptote to 0, as the spot size is increased. We are cur-
rently writing a paper which describes the variational prin-
ciple concept.

In addition, a variational principle for the fully nonlin-
ear cold-plasma equations was derived which is amenable to
the use of trial functions. The use of trial functions simpli-
fies the analysis when the integration can be carried out in
the transverse coordinates. In order to carry out the trans-
verse integration, it is desirable that the action be written
in a form that contains no square roots, or rational forms,
that is -- a polynomial. It is possible to construct such an

action when working with the proper density, np -- n~7. The
appropriate action is:

s =i,Px/ , , , ,/

Here, np is the proper density, and ~c= VX, is the canoni-
cal momentum. A multiple-time scale analysis was per-
formed on this Lagrangian, and it was shown to reduce to
our previous Lagrangian in the appropriate limit. This

calculation was also carried out in coordinates moving
with the group velocity of the pulse, which allows one to
optimally include the dispersive effects for short pulses,
and also allows for analytic progress to be made toward
soliton and stable 3D solutions. We are currently work-
ing to identify appropriate parameters for 3D PIC simu-
lations of these effects. Portions of this work are being
written up for publication.

Long Wavelength Hosing

We have carried out large scale 2D PIC simulations
of hosing for parameters of relevance to current experi-
ments. These simulations indicate that the new long wave-
length regime dominates the behavior of a short-pulse laser.
During the first part of this year, we finished writing up the
long wavelength hosing results and submitted the paper to
Physical Review Letters.

20) Simulationsp

During the first 18 months, we have also carried out
LASNEX simulations to find the scale lengths of exploding
foils when the peak density falls through no/4. This work
was done by the LLNL Collaborator, Dr. Chris Decker. The
simulations show that irradiating a 1 pm thick tungsten foil
with a 5 x 10l~ W/cm-’, 1 ns pulse gives a 50-60 lam long
flat top density regions which lasts for about 50ps. We have

begun to carry out 2D and 3D PIC simulations of 2cop for
appropriate scale lengths.

Mutual Attraction Between
Lasers in Plasmas

During the last half year, we have been investigat-
ing the mutual interaction between two or more laser
pulses in plasmas. We have concentrated on the relativ-
istic nonlinearity, but the results can be generalized to
other nonlinearities. The starting point is to describe
the propagation of two by two coupled nonlinear Sch-
rodinger equations tbr the envelopes each lasers’ vector
potential

I -: - -
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For simplicity we assume that the two lasers are polarized in mutually orthogonal directions. Obtaining exact solutions
to these two coupled equations is not possible. However, approximate and parameterized solutions which illustrate mutual
attraction can be obtained using variational principle methods. The Lagrangian density for the coupled equations is

f. ( ~a; .~a.~ . d£’.a: 2 .77 o . .

Using this Lagrangian density and a Gaussian trial function for the laser envelopes,

Aj e-i°J ei[k’v (x-Xci)+kyj(Y-Ycj)le[(x-Xcj )2+ (Y-Ycj)= ](iko/2Rj-1/Wf).

We can integrate the Lagrangian density in the transverse (x,y) plane and obtain a reduced Lagrangian density

9L--- --r~lxf-dv,¯ -~

2W2 ~ 2k0Wf " dRj d.Xc; dYc;
= ]~ {~[8 + , 8(k.ry-’~ -+k,j’-~)lR~ dr

A7 2k6W) .... kpW) (Aj - +--[------v--+8+4Wf(k;j+k~)]+ 2 4 ,z A4
4 R] " 16 -"

4 A1 A2 14/12 + W~ e

The Euler-Lagrange equations for this reduced Lagrangian give the equations of motion for the laser centroids (Xcj,

Yj). The motion of the centroids turns out to be just like point mass, with the mass proportional to the beam power,
moving under a mutually attractive force,

We have verified the mutual attraction m PIC simulations using OSIRIS. We have written up this work for publica-
tion. Dr. Chuang Ren is helping with the analytical work ard with the simulations.

t
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Spectroscopic Analysis of Shock Precursor
Radiation from Laser Generated Blast Waves
LSO0-O04

Robert J. Cattolica, Principal Investigator, UC San Diego
Todd Ditmire, Co-Principal Investigator, LLNL

Blast waves generated by a femtosecond laser (20 mJ,
30 fs @ 820 nm) were used to produce radiating cylindri-
cal shock waves in Argon, Xenon, and Krypton pulsed free
jets. Spectroscopic observations of the radial distribution
of emission across the cylindrically expanding shock wave
in the near uv (250 -350 nm) were obtained with 0.35 meter
spectrometer with a gated imaged intensified CCD camera
that provided 2ns temporal resolution. Temporally resolved
spectroscopic measurements were obtained over the first
200ns in the developing radiating shock waves. Analysis of
the emission spectra for the Argon data indicates the pres-
ence of Ar II, Ar III, and Ar IV. This data is currently
under analysis to provide radial distribution of these ionized
Argon species through the shock waves to determined there
relative density distributions from which a gas temperature
can be calculated. Similar data analysis is also continuing
for laser generated radiating shock waves in Xenon and
Krypton shock waves.

Scientific Goals

In the formation of interstellar shocks formed by col-
lapsing supernova, the effects of radiation transport are
important and can dramatically affect the shock dynam-
ics. Radiation transport affects the shock dynamics in the
interstellar medium in a number a ways, such as by radia-
tive cooling and via the formation of a radiative precursor
ahead of the shock front.

At Lawrence Livermore National Laboratories (LLNL)
a unique laser systems provides the means to produce lab-
oratory plasmas. These laser-generated plasmas produce
shock physics with relevance to the understanding of inter-
stellar shocks and validation if plasma codes. Using the
Falcon laser system (820 nm, 20 mJ , 30 femtosecond)
laser pulses were used to generate shock waves in Hydro-
gen. Argon. and Xenon. Of particular interest is the appear-
ance of radiative precsor emission ahead of a Mach number
50 shock waves produced in Xenon. Comparison of these
experimental results with a simulation using the LASNEX
plasma simulation code also predicts radiative precursor
emission. The goal of this research project is to pertbrm
experiments in which the emission spectrum from laser
generated shock waves is spatially and temporally resolved

f/12

Backscatter focusing

monitor diode leas

f/4
collection

lens CCD Camera

f/12
focusing

lens

Falcon Laser
820 nm 20 mj 30 fs

Spectrometer

Figure 1. Laser generated shock wave experimental setup
in Falcon Laser Facility: laser beam backscatter monitor
and 0.35 meter sprectrometer and gated CCD camera for
temporally resolve emission measurements.

to investigate the structure and mechanism of the forma-
tion of the radiative precursor emission ahead of the shocks.
For this purpose an imaging spectrometer was designed and
constructed and experiments conducted in Argon, Xenon,
and Krypton in pulsed free jets.

Progress and Conclusions

The basic experimental setup for the study of laser
generated blast waves and the subsequent development of a
hypersonic shock is illustrated in Figure I.

The design of the optical system used in the experi-
ment and the modification of a 0.35 meter imaging spec-
trograph to accommodate a gated, imaged-intensified CCD
camera were accomplished in the last quarter of 1999. The
new imaging spectrograph system was assembled, tested,
and calibrated and installed in the Falcon laser facility
during the first quarter of 2000. Preliminary experiments
on Argon shock waves generated with the Falcon Laser
were initiated during the second quarter of 2000. Produc-
tion experiments on Argon. Xenon. and Krypton lbr a range
of free jet source pressure were conducted during the third
quarter (summer 2000).

An example of the type of emission spectra obtained
from a radiating shock wave in Argon is presented in Figure 2.
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Figure 2. Emission spectra from the centerline of a radiating Argon cylindrical shock wave 4 ns after formation. Both
the original signal and the signal corrected fi)r the spectral sensitivity of theimaging spectrometer are presented.

In Figure 2 emission for Ar I! (242 nm), Ar III (297
nm), and Ar IV (281nm) are identified in the radiating
Argon shock wave formed from the laser generated blast
wave. This emission spectrum was obtained from the radi-
ation from the centerline of the cylindrical shock wave.
Radial distributions of the Ar II, III, and IV emission as a
function of radial coordinate across the shock can also be
obtained. Since the oberserve emission is integrated across

the cylindrically symmetric shock to obtain a true radial
distribution of the emission and the associated number den-
sity requires a deconvolution procedure. The Argon data
as well as data from Xenon and Krypton are undergoing
this procedure. The deconvolved radial distribution of the
emission will be used to extract a gas temperature distribu-
tion and shock location as a function of time for comparison
with previous interferometric observations.
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Theory and Computational Modeling of Short
Pulse Laser Irradiation of Atomic Clusters
LS00-005

Alexander Rubenchick, Principal Investigator, UC Davis
Todd Ditmire, Co-Principal Investigator, LLNL

Collaborators:
J.C. Garrison, UC Davis

Students:
Aleksey Komashko (UC Davis)

Abstract

The short pulse laser irradiation of atomic clusters can
be divided into three stages: (1) Deposition of the laser
energy and ionization of the atoms. (2) Expulsion of the
free electrons. (3) The Coulomb explosion of the positively
charged ion cluster. A study of the expansion of the ion
cluster and the expulsion of high energy ions has been car-
ried out using both fluid dynamics and kinetic theory. For
the kinetic theory, a combination of symmetry and dynami-
cal arguments was used to reduce the three-dimensional
problem to a one-dimensional model. This model has been
incorporated in a computer program which is in the final
stages of development.

Scientific Goals

The interaction of intense, femtosecond laser pulses
with atomic or molecular clusters containing a few thou-
sand atoms has demonstrated extremely efficient conver-
sion of laser energy into ion kinetic energy. The subse-
quent explosion of the micro plasma created in the clus-
ter expels ions at very high energies. Experiments using
deuterium clusters have shown that the collision of ions
from different clusters leads to fusion, with production
of fusion neutrons for a pulse energy of 0.1 J. The large
inertia of the ions prevents their motion during the
energy deposition, ionization and expulsion of the free
electrons. We have therefore concentrated on the expan-
sion of the ion cluster after the end of the laser pulse.
The objective is to study the so-called "Coulomb explo-
sion" by using both fluid dynamics and kinetic theory
descriptions of the dynamics of the ion cluster. Both
treat Coulomb repulsion in a self-consistent way. but
the Vlasov equation satisfied by the ion distribution
function provides a more detailed description than the
hydrodynamic model. Analytical results, such as scal-
ing laws, can be derived from this treatment, but much
more information can be obtained by numerical simula-
tions. ±\ major thrust of our program is to construct it

simplified model which will allow the development of a
practical computational scheme.

Progress and Conclusions

We first used a fluid-dynamics description of the Cou-
lomb explosion to study the expansion of the original ball
of ions. The energy distribution after expansion is found to
be far from Maxwellian, in fact it has a cutoff when the
kinetic energy is equal to the potential energy of an ion at
rest at the cluster surface.Previous calculations of neutron
yields usually assumed a Maxwellian ion distribution func-
tion, therefore the estimates of fusion neutron production
must be reevaluated.We assume that the laser field extracts
the electrons, and that the ions subsequently expand under
the effect of the self-consistent Coulomb field.The ion distri-
bution function is proportional to 4- E and the cutoff occurs
at an energy proportional to the square of cluster radius.
Since the experiment produces clusters of various sizes, the
ion distribution function must be averaged over the cluster
size distribution.We calculated the neutron yield using the
available experimental information on cluster size distribu-
tion, and found results in good agreement with the experi-
mental measurements[l].

We next studied the Coulomb explosion using kinetic
theory. In the parameter range of interest, collisions may
be neglected so that the ion distribution function is con-
trolled by a Vlasov-type kinetic equation, in which the Cou-
lomb force is calculated self-consistently >from the distri-
bution function. By rewriting the kinetic equation in terms
of appropriate dimensionless variables, we were able to
show rigorously that the mean kinetic energy of the ions is
proportional to (ZR0)2, where Z is the ionic charge and 
is the initial radius of the cluster.

Since the expansion occurs in three spatial dimensions
(3Dt the corresponding phase space, defined by the position
and velocity of an ion, is six dimensional (6D). Substantial
simplification is achieved by assuming a simple but reason-
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able model for the initial distribution. In this model the ini-
tial phase space distribution factorizes into a spatial distri-
bution which is independent of the angular variables and
a Maxwellian velocity distribution. Under this assumption
the initial ion distribution is separately spherically sym-
metric in position and velocity. By combining this feature
with the rotational invariance of the kinetic equation, we
have shown that the 6D phase space is reduced to a 3D
space defined by the radial coordinate, the magnitude of the
velocity, and the angle between the position and velocity
vectors. Thus the original 3D expansion has been reduced
to 1.5D. This poses a problem which is computationally
practicable, but still difficult. It would therefore be better
still to reduce the dimensionality further to 1D. This was
achieved by again using the spherical symmetry of the ini-
tial distribution to show that the self-consistent Coulomb
potential remains spherically symmetric at all times. The
angular momentum of each particle is therefore conserved.
The initial angular momenta are small, due to the very
small initial velocities, and the velocities and radius vectors
both increase rapidly during the expansion; therefore con-
servation of angular momentum requires the angle between
them to become small. The ion distribution must therefore
quickly become confined to the region of the 3D phase
space in which the angle between radius vector and veloc-
ity is close to zero. This behavior was explicitly verified in
the simpler case of free streaming expansion, for which the
kinetic equations can be solved analytically. Integrating the
3D kinetic equation over this angle and making use of the
sharply peaked nature of the distribution in angle then leads
to a 1D kinetic equation for the reduced distribution func-
tion depending only on the radial coordinate and the mag-
nitude of the velocity.

The 1D kinetic equation resulting from the arguments
sketched above retains a vestige of the original 3D geom-
etry because of the restriction that the radial coordinate r
and the velocity magnitude v :~’e both positive. This feature
can be hidden from vie’,~ i~Y the expedient of extending r
and v to negative values with the assumption that the distri-
bution function is even in both rand v. This trick also facili-

tates the use of fast Fourier transforms which are needed
in the interpolation steps of the integration scheme we have
chosen. Even in the ID case the Vlasov equation presents
notorious difficulties, so considerable experimentation with
different methods was required before we settled on a split-
operator technique [2]. This scheme is based on the method
of characteristics and is therefore initially formulated in
the full 6D phase space. The distribution function at r, v,
t+dt is given by the value of the distribution function at
r-dr, v-dv, t, where dr and dv are calculated by integrating
backwards along the characteristic from t+dt to t. The split
step aspect is introduced by approximating the character-
istic curve with three straight segments. The first segment
from t+dt to t+dt/2, is a free-streaming step which only uses
the convective term in the kinetic equation. The second seg-
ment is an ’instantaneous’ step which only uses the force
term. The third step is another free streaming integration
from t+dt/2 to t. In each of the steps the previous value of
the distribution function has to be evaluated at points which
in general do not lie on the discrete coordinate mesh. These
relations in the full (6D) phase space are then projected
on the reduced (1D) phase space. The necessary interpo-
lations are handled by the use of fast Fourier transforms.
This scheme is second order accurate in dt and fairly easy
to implement. A version of this code has been written, but
it is not quite ready for comparison to experiments. There
remain some questions of speed and accuracy which may
require the use of a different interpolation method, e.g.,
cubic splines, in the second step of the integration scheme.
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Time-Resolved Imaging Study of Material Modifi-
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A series of nanosecond time-resolved images have
been obtained during Q-switched Nd:YAG laser-induced
damage events near the surface of DKDP crystals. The
images show that catastrophic damage of the front surface
occurs by nucleation of subsurface bulk damage and subse-
quent propagation of cracks to the surfacce.. Front-surface-
nucleated damage produces a plasma mirror that prevents
additional laser absorption and bulk damage. In contrast,
back-surface-nucleated damage reflects incident radiation
back into the bulk and leads to catastrophic bulk damage
and subsequent cracking to the surface.

(A) (B) (C)

Figure 1. Pump-probe optical arrangement. A) pump
damages on front face, probe image obtained in trans-
mission, B) pump damages on back face, probe image
obtained in transmission, C)pump damages on front face,
probe image is obtained in geometr3’ of total internal
reflection.

Fig,re la.

Scientific Goals

In previous work we developed a novel time-resolved
imaging system that allows a series of 3 nanosecond time-
resolved images to be obtained for a single laser-induced
event. We initially used this technique to study melt-front
propagation, plastic deformation, and cracking dynamics in
bulk DKDP during the first 100 ns after a 10 ns pulse above
the bulk damage threshold. In this work, we wanted to study
several issues related to surface damage. First we wanted
to study the difference between bulk and surface damage.
Second, we wanted to study the evolution of surface damage
to see whether it was bulk-nucleated or surface-nucleated.

Progress and Conclusions

The experimental setup consists of a nanosecond
Q-switched Nd:YAG pump laser from which the pump and
3 probe beams are obtained. The pump was at 1.06 lam
wavelength and focussed to fluences -40-60 J/cm2 which is
at the lower end of the "S" curve for bulk damage on high
quality LLNL rapid-grown DKDE The 3 probe beams are
generated using Stimulated Raman scattering in a 1 meter
long cell of CH4 and are time-delayed with respect to the
pump with delay lines. The pump is focussed onto the front
(1A, 1C) or back surface (1B) of the sample as shown below
at an (internal) angle of 130 with respect to the DKDP
z-axis. The probe beam is either propagated along the
z-a~xis normal to the surface (IA, lB or at glancing angle in
reflection inside the crystal (IC).

In entrance face damage (geometry of Figure IA), we
have observed direct evidence of "plasma shielding", an
effect well known in laser-processing of materials. The
early part of the laser pulse ablates material and the low
density plasma acts as a mirror, shielding the solid from
substantial energy absorption during the rest of the laser
pulse. The figure was obtained at 60 ns delay.

The ring is due to a sound wave in air. DKDP plasma
was generated outside the crystal and this tells us that
damage was nucleated at the surface. The diffuse bright
spot in the center is from fluorescence from the plasma
in the air above the sample. After the thor. however, no
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damage spot is visible by direct optical imaging of the sur-
face. We can imagine the surface damage spot only in
diffraction so we know the size of this damage spot must
be sub-micron. Each pixel in the image corresponds to
1.17 x 1.17 lam2 and the image shown is 748 x 561 lam2.

At intensities at or slightly above the damage threshold of
the bulk, damage that is nucleated at the surface does not
lead to substantial damage. It is likely that damage tests
that use scatter from the after-the-fact spot do NOT detect
this damage so the damage threshold of the entrance sur-
face would appear much higher than it really is.

On the entrance face, catastrophic damage is always
nucleated in the bulk below the surface. We don’t see the
sound wave in air characteristic of a plasma expansion at
the surface. In Figure 2, we observe these dynamics in
"side view" in the geometry of Figure 1C. The images have
a mirror plane because of total internal reflection. The 4
images below are taken at 15 ns, 30 ns, 45 ns and 2 s delay
(from left to right). The images are obtained with the pump
propagating along the x-axis, and the probe image show-
ing the nominal x-z plane with x-horizontal and z-vertical.
We see that a melt region is created -45 ~tm below the sur-
face and that initially the melt-front and cracks propagate
as expected for bulk. The cracks that appear diagonal in
the image propagate along the equivalent [1,1,1.5] crystal
directions and form the edges of a 4-sided pyramid with
the base at the surface. The whole pyramid volume as well
as a -5/am thick layer at the surface are "missing" after
the event is over (fourth image on right). There are very
important dynamics after 100 ns but we did not measure
them. The resolidification process plays an important role
in the final morphology. From previous bulk studies we
know that the surrounding crystalline material is plasti-
cally deformed and is compressed compared to the equi-
librium structure. A relatively large volume around the

damage nucleus may be under permanent compression and
this region may contract back from the nominal surface plane
as the liquid region cools. In contrast, plastic deformation
and cracking in the bulk are essentially over by 50-80 ns.

At the exit face, catastrophic damage appears to be ini-
tiated directly on the exit surface. We always see a sound
wave in air characteristic of plasma formation and ablation
of material from the surface. The same plasma mirror that
"saves" the solid on the front face, now traps the incoming
laser energy at the surface depositing more of the laser
energy than one would expect. As this occurs, the absorp-
tion front moves toward the laser. This is the first experi-
mental evidence of either"laser supported detonation wave"
(LSDW) or a "laser supported combusion wave". The
former is supersonic, the later sonic, and we have not yet
measured the wave speeds. In the images in Figure 3, we
see that the dark region occupied by the liquid is concen-
trated just a few microns off center (below) from the source
of the sound wave at the surface. The liquid is formed
where the most energy is absorbed and this appears to be
a short distance away from the surface and along the 130
angle of the incident pump. In the 60 ns image, the irregu-
larly shaped ring is probably due to ablated DKDP liquid
which travels more slowly outward into the air than the
sound wave propagates in air. The shape is probably due
to the anisotropic melting and strain propagation of the
surface as well as the crack anisotropy of the underlying
bulk. Since we do not see this in the entrance face surface
damage images, the exit face damage is much more severe
creating a much hotter and larger volume of ablated mate-
rial than in the front face damage case. Many investigators
have found that exit face damage thresholds are lower than
entrance face damage thresholds for many optical materi-
als. This effect is always explained by self-focussing, that
the laser beam is simply more intense at the back face. Here

Figure 2. Time-seqttenced image of laser damage in DKDP. The image is obtained in tectal internal reflection geometry
as in Figure IC anti therefore has a vertical mirrorplane. Delay times /’rm~s ttJp le/’t to right are 15 ns. 30 ns, 45 ns, and
2 s after the pump pulse. The image size is 195 x 202 l~m:.
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Figure 3. Time-sequenced images from damage on exit face of DKDP. Delay times from top left to right are 30 ns, 60 ns,
90 ns, and 2 s. Size: 456x 6081.tm2. Images are rotated 900 with respect to geometr3" shown in Figure lB.

we show that the plasma behavior at the rear face leads to
dramatically different laser absorption efficiency than the
entrance face. We also note that surface cracking occurs
along the x and y directions. This is completely different
from the bulk which prefers the [1,1,1.5] and [1,1,13] where
[3<0.3.

The experimental work was conducted at UC Riverside
by Hongbing Jiang, a postdoctoral researcher, under the

direction of UC PI H. Tom. These results are preliminary
as we did not have enough samples to do additional studies
over varying conditions such as pump intensity, images
in different planes, etc. No publications or talks on this
topic have been submitted yet. The LLNL PI is Michael
Felt who has studied these results in the context of laser
supported detonation wave and laser supported combustion
wave dynamics.
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Student:

Prissana Thamboon, UC Davis

The introduction of a second-order nonlinearity, Z~2~, in
a glass enables the integration of glass waveguide lasers with
EO modulators and/or frequency doublers. Such devices
have applications in optical communications as well as
sensor and medical technology. Although glasses normally
do not possess a Z<2~, one can be introduced through a sepa-
rate processing step. The most effective way to do this is
through electric field poling. This process has been shown
to work in silica glass. The focus of this project was to study
electric field poling in phosphate glasses, which have hith-
erto not been explored for this purpose. We have built and
tested an experimental set-up to induce and characterize sec-
ond-order optical nonlinearities in phosphate glass samples.

Scientific- Goals

This project had the following specific goals:
¯ Build an electric field poling apparatus with the capa-

bility of studying the effects of elevated temperature
and field strength on the induced X(2> in the glass.

Build an optical set-up to measure the second harmonic
signal strength using the Maker fringe technique in
order to characterize the induced X~-’> profile in the glass.
Testing of this set-up using a quartz crystal.

Use the electric-field apparatus to induce Z<2) nonlin-
earities in phosphate glasses and measure their SH
response.

Progress and Conclusions

In the first part of this project we have built the experi-
mental facilities needed to pole and characterize our glass
samples.

First we built an apparatus in which glass samples can
be subjected to very high (1-20 kV) DC electric fields 
elevated temperatures (up to 500 C). A schematic diagram
of this poling apparatus is shown in Figure 1. The set-up
consists of a Bertan high-voltage power supply and an elec-
tric furnace, both of which are computer controlled. This
allows us to program a specific temperature-voltage-time
profile in order to study the effects of poling voltage and
poling time on the induced optical nonlinearity.

Secondly, we built an experimental set-up to charac-
terize the induced 7(<~ profile using the SHG Maker fringe
technique. A schematic diagram is shown in Figure 2. Since
the typical SH power at 532 nm, generated in our samples,
is on the order of <10-8 of the incident 1064 nm power,
extreme care had to be taken to filter out any 1064 nm light
as well as any stray light from other sources in the room.

3

timeOven Temp. - 300 C

Figure I. Schematic diagram of the poling set-up used to induce second-order ntmlinearities in gla.~’s. ,4 t37dcal
volta,~e-temperctture-fime program is shown.
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1064 ML
Nd: YAG

IlW + PBS Rotation stage +
(power adjustment) poled sample Chopper
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1064

532
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Figure 2. Schematic diagram of the experimental set-up used to measure SH Maker fringes in poled glass samples.
HW= half wave plate; PBS = polarization beam splitter; L = lens; HMBS= harmonic beam splitter; SPF= short pass
flter; BPF= band pass filter; PMT = photomultiplier tube

In the second part of the project we tested the equipment
shown in figures 1 and 2. We poled several different phos-
phate glasses, including IOG-1 (a commercial glass from
Schott Glass) as well as glasses with molar composition 20
La203 80P205, made at UC Davis in Prof. Risbud’ s group.

In order to test our optical set-up we measured Maker
fringes of quartz crystals. Our initial experiments showed
that we were able to measure fringes but the observed fringe
patterns deviated from those that are predicted theoreti-
cally. This is most likely due to insufficient precision in our
control of sample orientation and polarization of the funda-
mental beam. We have recently improved our set-up using
different sample mounts and polarization optics. Our most
recent Maker fringe measurements of quartz show good
agreement with theory. We are currently measuring the SH
signals from our poled glass samples.

In conclusion, we have built and tested experimental
thcilities to induce and characterize second-order optical
nonlinearities in phosphate glass samples.

Presentations Related to this Project

P. Thamboon and D. M. Krol, "Thermal Poling Studies of
Lanthanum Phosphate Glasses", Fall 2000 Mtg of the Glass
and Optical Material Division of AcerS, Corning, NY, Oct
1-4, 2000, paper GP-008-00.

Students Involved in this Project

Prissana Thamboon is currently a 3rd year Ph.
D. student in the Department of Applied Science at
UC Davis. Prissana carried out all of the experi-
mental work described in this report. In addition to
her experimental work in the lab, Prissana took sev-
eral courses during this funding period and she will
take her Ph.D. qualifying exam in May 2001. After
that. Prissana will continue her work on electric-field
poling in phosphate glasses and she is expected to
graduate in Summer 2002.
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Abstract

This grant supported a variety of activities aimed at
development and physics characterization of a high bright-
ness rf photoinjector facility at Livermore to be used with
the Falcon laser system and an existing linac. The purposes
of this facility are to investigate ultra-short, monochromatic
x-ray production using Thomson scattering, and develop-
ment of advanced beam generation and diagnostic tech-
niques for systems using sub-picosecond intense lasers and
electron beams. The main research accomplished during
the grant period centered on emittance measurements on
space-charge dominated, picosecond electron beams. Sec-
ondary efforts were made in the areas of design, simula-
tion and construction of a beam switchyard for the Falcon
linac, to handle injection of both the photoinjector and ther-
minonic injector beams, and on design of a magnetic com-
pressor to create ultra-short electron pulses, and enhance
laser-electron beam phase-locking in this system.

Scientific goals

The primary goal of this grant was to continue col-
laborative work on construction of a high brightness pho-

toinjector beam system, to be used in basic beam physics
experiments as well as Thomson scattering measurements.
In the previous year, the photocathode rf gun was built at
UCLA and commissioned at LLNL, so this year’s efforts
were focused on beam physics investigations of emittance
behavior and the effects of space-charge in emittance
measurement. In addition, a detailed beam optics study
of the electron beam switchyard for the ultimate integra-
tion of the rf photocathode gun into the existing linac/
injector system was needed to prepare for construction of
the switchyard. These optimized beamline studies were
translated into engineering design for the magnetic optics,
in the system, which are now in the fabrication and instal-
lation stages. More detailed optics studies, including the
effects of coherent synchrotron radiation in the intense,
bending beams in the planned compressor, are underway.

Progress Report

Considerable progress was made on this project in the
past year, as it moved from a high power microwave cavity
development effort to a beam physics program. Using the

Figure 1. Experimental arrangement fbr rf ,~un cmmni.~’siotzittq,. .wace-char,4e dmnimtted heant emittance measure-
ments, and initial Ct)mpton scatterin.k, e.~perin-tent.s’.
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rf gun built by the UCLA/LLNL collaboration, and a laser
pulse seeded by the Falcon system, a 5 MeV several hun-
dred pC electron was produced for the initial experiments.
A drawing of the experimental arrangement for the com-
missioning measurements is shown in Figure 1. The rf per-
formance of the gun, and the quantum efficiency of the
cathode were determined to be at the levels expected from
similar experiments during the commissioning phase. With
the commissioning phase complete, the beam was made
available for experiments. While the UCLA role in the mea-
surement of the Thomson-scattered Falcon laser photons
from the photoinjector has been one of background and sup-
port, we have played the lead role in the experimental inves-
tigation of the effects of space-charge on emittance mea-
surements in high brightness beams.

The emittance measurements in these experirr/ents
were be performed in two ways. The first involves use
the emittance slit mask technique pioneered at UCLA, in
which the space-charge dominate beam is sliced up into
narrow, emittance-dominated beamlets by a slit array,
and analyzed downstream to give a shot-by-shot recon-
struction of the transverse phase space. A copy of the
UCLA hardware was installed at LLNL by Livermore PI
Greg Le Sage. The Labview software written at UCLA
for both controlling the experiment and analyzing the
data in this measurement was installed on a LLNL
data acquisition computer, and an operating system was
quickly achieved.
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The second emittance measurement technique used in
characterizing the beam after the rf gun was the quadru-
pole scan. In this scan we ignore, as is customary in many
labs, the perturbing forces of space-charge, and analyze
variations in the beam size due to quad strength changes as
if the beam particle trajectories were ballistic. Again the
data acquisition and analysis implementation was based
on the equivalent UCLA system. We have compared the
results of the quad scan and slit techniques, both of which
have peculiar challenges due to the strength of the "pol-
luting" space charge forces at low energy (-5 MeV).
In the case of the quad scan, we see (Figure 2) that
the emittance measurement is larger than the simulated
(by the multi-particle code PARMELA), and accurate
(according to dynamics analyses) slit-based results. 
is strongly dependent on the beam plasma frequencykD ---~4zrenb /F

3, as opposed the phase space density.

The results of the quad scan were benchmarked against
an envelope code, HOMDYN, which has a linear model
of the effect of space-charge on the of beam rms
moments. There was surprisingly good agreement, con-
sidering that HOMDYN has an idealized model of
space-charge, and the experiment includes. These mea-
surements and their interpretation are currently being
written up for publication and will form a component of
UCLA student Scott Anderson’s PhD thesis.

The design of the Thomson scattering experiment,
as well as the design and manufacturing of bypass and

matching optics that will allow the
integration of the rf gun into the pos-
itron production linac at the Falcon
facility, are now proceeding at LLNL

: and UCLA. Completion of the inte-
gration of the rf photoinjector and
linac systems should be completed in
the next six months. This work is pres-
ently supported mainly by an IUT from

i LLNL to UCLA, and is expected to be
the focus of proposed work involving

t ILSA in the coming year.

¯ Papers

S.G. Anderson and J.B. Rosenzweig,

,, I , ) , Nonequilibrium Transverse Motion and

o.,>5 Emittance Growth in Ultrarelativistic
SI)ace-char~,e Dominated Beams. Phys.
Rev. Special Topics - Accel. and Beams.
3. 094201 (2000).Figure 2. Data and simulation ~j" s’/)ace-c’har,~,,e emittance

measurenlents in LLNL ,Fun experintents.
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M. Thompson and J.B. Rosenzweig, Production and Syn-
chronization of Electron Beams from RF Photoinjector/
Compressor Systems for Ultra-fast Applications, to be
published in the Proceedings of the 2000 Advanced Accel-
erator Concepts Workshop.

S.G. Anderson, G. Le Sage, and J.B. Rosenzweig, Space-
charge Effects on High Brightness Beam Emittance Mea-
surements, in preparation for submission to Phys. Rev. Spe-
cial Topics - Accel. Beams
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1998

September 30, 1998
Mercury Laser Workshop
Wente Conference Center, Livermore, CA

November 23-24, 1998
Joint International Fusion Theory Workshop On High Field Science "98
(United States and Japan)
Lawrence Livermore National Laboratory

1999

February 17-20, 1999
3rd International Workshop On Laser Plasma Interaction Physics
Banff Centre, Alberta, Canada
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29th Annual Anomalous Absorption Conference
Asilomar Conference Center, Pacific Grove, CA

November 17, 2000
Workshop on LLNL-ILSA’s Compton X-ray Source for Protein Crystallography
Wente Conference Center, Livermore, CA

Institute for Laser Science and Applications Report 2000



PARTICIPANTS-

Institute for Laser Science and Applications Report 2000 J-~’9



 -PARTICI PANTS

Akber, Sofia ..................................................................105
Andersen, Christian ................................................. 31, 99
Anderson, Scott ....................................................... 97, 123
Ao, Tommy ..................................................................... 29
At’net, Dave .....................................................................37
Back, C. A ...............................................................39, 112
Baldis, Hector A ....... 10, 12, 14, 16, 18, 22, 24, 31, 33, 99
Bartnik, Andrzej ............................................................. 26
Bayramian, A.J ............................................................... 56
Bennett, Ted ....................................................................73
Berger, Richard C .......................................................... 10
Bibeau, Camille .............................................................. 56
Bolton, Paul .....................................................................24
Bonlie, Jim ......................................................................35
Boucher, Salime ...................................................... 97, 123
Bucksbaum, Philip ........................................................ 108
Calisti, A ........................................................................39
Carr, Christopher ............................................................ 46
Cattolica, Robert ............................................................ 114
Cauble, Robert .............................................................. 105
Celliers, Peter ..................................................................29
Chan, James .............................................................. 43, 69
Chang, Zenghu .................................................. 64, 95, 108
Chanteloup, Jean Christophe .......................................... 56
Chen, Feng ......................................................................46
Chen, Pisin ......................................................................24
Cheung, Peter Y. ...................................................... 66, 84
Cline, Dave .....................................................................24
Cohen, Bruce ............................................................ 10, 12
Cornett, Kimberly T. ................................................ 49, 87
Craddock. W. ..................................................................24
Crawford, C ....................................................................24
Da Silva, Luiz .................................................................29
De Groot, John S ............................................................ 99
Decker, Chris .................................................. 71, 102, 111
Decker, F.J ......................................................................24
Demos, Stavros ......................................................... 46, 53
Depierreux, S ..................................................................12
deVere White, Ralph W. ................................................. 53
Ding, Xiadong ................................................................. 97
Ditmire, T. ......................... : ..............................93, 114, 116
Drake, R. Paul .................................................................37
DuBois, D.F. ....................................................................84
Duda. Brian ...................................................... 71, 102, 111
Dunn, James ................................................... 26, 29, 3l, 33
Eckart, Mark .................................................................. 33
England, Joel ................................................................. 123
Esarey, E .......................................................................102
Estabrook, Kent .............................................................. 99
Everett. Matt ............................................................. 49, 87
Faenov, Anatoly .............................................................. 26

Falcone, Roger ............................................. 41, 64, 95, 108
Feit, Michael D ...............................................................118
Fiedorowicz, Henryk ....................................................... 26
Field, R.C .......................................................................24
Foord, Mark ............................................................. 31, 99
Fourkal, A ......................................................................14
Fuchs, J ............................................................................12
Fujita, K ........................................................................39
Fukui, Yasuo ...................................................................24
Gandour-Edwards, Regina .............................................. 53
Garces, Nelson ................................................................46
Garrison, J.C ..................................................................116
Gibson, David ........................................................... 16, 22
Glenzer, Siegfried ..................................................... 14, 99
Hagelin, Paul M .............................................................. 87
Hartemann, Frederic ...................................... 16, 18, 22, 93
Havstad, Mark ................................................................. 73
Heimann, Phil .............................................. 41, 64, 95, 108
Hemker, Roy ............................................................ 71, 111
Heritage, Jonathan ............................................... 16, 49, 87
Honea, Eric ..............................................................43, 121
Iverson, R ........................................................................24
Jeanloz, Raymond ......................................................... 105
Jiang, Hongbing ............................................................. 118
Johnson, Steve .............................................. 41, 64, 95, 108
Kane, Jave .......................................................................37
Kang, Inuk .................................................... 41, 64 95, 108
Kapteyn, Henry ................................................. 64, 95, 108
Kerman, Arthur .................................................. 16, 22, 93
King, F ............................................................................24
Kirby, R.E ....................................................... ...............24
Kirkby, C ........................................................................14
Kirkwood, R ................................................................... 10
Klein, L ..........................................................................39
Komashko, Aleksey ....................................................... 116
Kotseroglou, T ................................................................24
Krol, Denise ................................................. 43, 69, 90, 121
Kumar, Vydia ..................................................................24
Labaune, Christine .................................................... 10, 12
Landahl, Eric ...................................................... 16, 22, 93
Langdon, A. Bruce .......................................................... 10
Larsson, Jorgen ................................................. 64, 95. 108
Le Foil, Arnaud ............................................................... 16
Le Sage, Greg .......................................................... 97, 123
Lee, Richard ............................................ 39. 41 64, 95, 108
Liang, Edison ..................................................................37
Libby. S ..........................................................................39
Lindenberg, Aaron ....................................... 41, 64. 95. 108
Li, Yuelin ........................................................................26
Luhmann. Neville C.. Jr ..................................... 16.22.93
Mackinnon. Andy ........................................................... 35

150--~ Institute for Laser Science and Applications Report 2000



Mancini, R ..................................................................... 39
Matlis, Nicholas .............................................................. 29
Maximov, A ................................................................... 14
McCray, Dick .................................................................. 37
Missalla, Thomas ......................................... 39, 64, 95, 108
Mori, Warren ................................................... 71, 102, 111
Murali, Amith ................................................................. 90
Murnane, Margaret ........................................... 64, 95, 108
Nagatomo, H .................................................................. 39
Nakajima, K ....................................................................24
Nakano, Hitoshi .............................................................. 56
Nash, J. K .......................................................................39
Ng, Johnny ......................................................................24
Nilsen, Joseph ........................................................... 26, 29
Nishimura, H .................................................................. 39
Noble, R .........................................................................24
Ogata, A .........................................................................24
Osterheld, Albert ....................................................... 26, 33
Ourdev, I ........................................................................14
Padmore, Howard ............................................. 64, 95, 108
Patel, Falgun ...................................................................43
Patel, Pravesh ..................................................................35
Patterson, Frank .............................................................. 35
Payne, Steve ....................................................................43
Pelligrini, Claudio ..................................................... 16, 93
Pesme, D .........................................................................12
Pikuz, Tania ....................................................................26
Price, Dwight .................................................................. 35
Radousky, Harry B ........................................................ 53
Raimondi, P. ...................................................................24

PARTICIPANTS--]

Remington, Bruce ........................................................... 37
Ren, C ....................................................................102, 111
Risbud, Subhash .................................................. 43, 69, 90
Rosenzweig, James ................................................. 97, 123
Rozmus, Wojciech .......................................... 12, 14, 31, 99
Rubenchick, Alexander .................................................. 116
Rupp, Bernard ............................................................ 16, 18
Russell, D.A ....................................................................84
Shao, Y. ..........................................................................14
Shepherd, R .....................................................................31
Shlyaptsev, Yvacheslav ............................................. 26, 33
Solgaard, Olav ........................................................... 49, 87
Springer, Paul ..................................................................35
Stamm, R .......................................................................39
Strong, Fabian ................................................................. 16
Sulzer, M.P. .....................................................................84
Talin, B ..........................................................................39
Thamboon, Prissana ................................................ 43, 121
Thompson, Matt ...................................................... 97, 123
Tom, Harry W.K ............................................................ 118
Toor, Art ..........................................................................33
Troha, Anthony ........................................................ 16, 22
Van Meter, James ................................................ 16, 22, 93
Walz, D ...........................................................................24
Wark, Justin ...................................................... 64, 95, 108
Weber, Franz ...................................................................29
Weidemann, A.W ........................................................... 24
Williams, Ed ................................................................... 10
Woolsey, N .....................................................................39
Young, Peter ..............................................................66, 84

Institute for Laser Science and Applications Report 2000 /~-1




